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ABSTRACT

2317/

Thermal control of the human body is analyzed for the environments
obtained in spacecraft shirtsleeve cabins and extravehicular pressure suits
to provide environmental design criteria applicable to extraterrestial missions.
Basic heat and mass transfer correlations are used to establish dependence of
the thermal processes and comfort criteria on atmospheric pressure and compo-
sition, gravity, ventilating velocity, gas temperature, humidity, and mean
radiant temperature. The thermal and comfort criteria are analyzed for the
lunar and zero-gravity shirtsleeve cabins. Extravehicular suit thermal control
methods employing ventilation cooling, liquid-loop cooling, and radiation
cooling are analyzed to determine the relative performance, limitations, and
problems associated with various methods of extravehicular suit thermal control.
Extravehicular suit heat balances are performed for earth orbital, lunar
orbital, Mars orbital, lunar plane, and lunar crater environments.
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SECTION |

INTRODUCTION AND SUMMARY

This document reports and summarizes a study program concerned with the
heat transfer mechanism involved in cooling the human body in space and lunar
environments. The work described was performed under NASA Contract NASW-1015.

In lunar and space missions, if man is to function optimally, he must be
maintained in a comfortable environment that provides a suitable thermal
balance. This does not mean that it is essential to provide in space an exact
duplication of man's terrestrial environment, for it is evident that man can
adapt satisfactorily to a fairly wide range of environmental conditions
without detectable degradation of his performance. Providing a comfortable
environment does require, however, that the heat removal from the body be
accomplished at temperature levels that are acceptable from the standpoint
of comfort and physiological needs.

In summary, space environments ;mpose the following unique problems in
cooling of the human body:

Heat transfer constraints - The heat transfer modes that operate in a
normal terrestrial environment may be eliminated or impaired in space or
lunar environments. For example, the natura! convective heat transfer
mode important in a normal earth environment is essentially eliminated
at reduced gravity. Also, the radiative heat transfer mode may not be
available when the body is encased in a thermally insulated space suit
or in a cabin with wall temperature approaching skin temperature. In
addition, the effectiveness of ventilating gas flow may be reduced with
lowered ambient pressure. (Most spacecraft missions anticipate use of
cabin pressures less than 4.7 psia.)

High metabolic rates - The high metabolic rates that may obtain while
work is being performed in pressurized suits and/or in low-traction
environments will complicate the cooiing problem. Estimates of the effect
of low-traction environments on the metabolic rate are somewhat
speculative at present, although there is evidence that the metabolic
rate will be significantly increased for performance of a given task at
reduced gravity.

Thermal adequacy- The combination of high metabolic rates and the reduced
heat rejection rates results in the problem of providing adequate cooling,
particularly where ventilation serves as the primary means of cooling
with the crew in pressure suits.

Physiological stress - Because of the reduction of certain modes of heat
rejection from the body in spacecraft environments, there will be a
tendency for the attainment of high sweat rates and high body temperatures
in both the shirtsleeve and pressure-suit environments. High sweat rates
are undesirable from both a comfort and a physiological standpoint,

but may be unavoidable under certain conditions. There is some indication
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of a serious problem in providing an adequate water intake under the
conditions of high average latent heat loads to avoid dehydration of
the body. Reduction in sweat rates to the minimum level (insensible
perspiration) appears to be highly desirable, but may not be possible
in practice. It is important that, whatever the design sweat rate,

the environment provide adequate evaporative cooling capacity for
removal of the moisture from the surface of the body at acceptable

body temperature levels. If the environment requires attainment of
high body temperatures during normal operation, the safety margin
represented by heat storage capability available for emergency conditions
will be correspondingly reduced. That is, from the standpoint of both
comfort and safety, it is highly undesirable to operate near the limits
of human tolerances-

Definition of comfort zone - The conventional ASHRAE comfort zone
criteria are not necessarily applicable to space systems, because
different heat transfer processes may predominate in cooljng of the
human body. Therefore, it will be necessary to establish system
design criteria applicable to reduced ambient pressures, reduced
gravity, and pressure suits.

The approach to solution of these problems used in this study involved
analysis of the human body heat transfer and thermal control processes for
the environmental conditions encountered in space missions. This has in-
volved study of the relevant data applicable to a terrestrial environment in
order to determine the interrelationships between the controlliing temperature
parameters and the heat transfer mechanisms. Fundamental heat transfer
correlations were then examined to estimate the effects of such environmental
factors as atmospheric composition, temperature and pressure, environmental
wall temperature, ventilating gas velocity, and gravity. The study con-
sidered the function of the heat transfer mechanisms (1) in both shirtsleeve
and pressure-suit environments, (2) under reduced (zero to 1/6 g) gravitational
fields, (3) under reduced (3.5 to 14.7 pcia) ambient pressures, and (4) for
metabolic rates corresponding to activities ranging from rest to high work
rates. The environmental criteria were then formulated from heat balances
for the body, considering the available latent and sensible cooling capacity
of the environment within the limitations imposed by comfort considerations.
The comfort criteria developed in the study were based upon maintenance of
skin temperatures and sweat rates within specified ranges determined from
physiological investigations-

The design criteria for the shirtsleeeve environment in lunar and
spacecraft cabins have been determined in terms of the ventilating gas flow

and environmental temperatures tradeoffs for various atmospheric pressures
and compositions.

Environmental control of the body in a pressure suit environment has
been studied for ventilation, liquid-loop, conduction, and radiation cooling

methods. Availble test data have been analyzed and correlated to provide the
basis for performance estimates.
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Extravehicular suit heat balances were aralyzed for orbits about the

earth, the moon, and Mars, for the surfaces of the moon and Mars, and for the
lunar crater environment by means of computer programs which are given in
the Appendixes to this report.
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SECTION 2

LITERATURE SURVEY

INTRODUCTION

This section of the report is devoted to a survey of the available
literature applicable to the problem of providing man with a suitable thermal
environment in extraterrestrial ambients. This has involved compiling infor-
mation concerning: (1) man's physiological requirements with respect to
thermal regulation and acceptable temperature levels and transfer rates;

(2) the metabolic rates that can be expected in confined quarters, reduced
gravity, and pressurized suits; (3) human comfort criteria applicable to
spacecraft environments; and (4) internal and external heat balances for pres-
sure and extravehicular suits in various space environments.

PHYSIOLOGICAL CHARACTERISTICS OF MAN
Geperal

Analysis of the energy transfer processes between man and his environment,
(and critical evaluation of the generality of the various comfort criteria
summarized in the following section) requires awareness of the physiological
mechanisms by which man responds to his thermal environment. The physiological
parameters related to human thermal comfort are sweat rate, skin surface
temperature, and body internal temperature; only small changes in the latter
two can be tolerated without discomfort. Some latent heat rejection by evap-
oration occurs due to respiratory water loss, but most occurs at the skin
surface, where water is deposited by the sweat glands and by diffusion of water
through the skin. The remaining energy, termed sensible heat, is transported
from the deep body tissues to the skin by the flow of blood and then transferred
to the atmosphere by a combination of convection and radiation heat transfer.

Energy Balance for Body

Man normally dissipates waste heat by a combination of heat transfer
processes including natural convection, forced convection, radiation, conduc-
tion, and evaporation of moisture. The heat balance for the body is given by
+Q

Q +Q

metabolic Qwork * Qlatent sensible stored (2-1)
Any deficit in cooling is accompanied by heat storage, an undesirable condition
that can be tolerated for only a limited time. Although heat storage in 1imited
amounts can be tolerated before physical collapse occurs, it will be assumed to
be intolerable for a normal steady-state operating condition. That is, the

condition for thermal adequacy requires zero heat storage for normal operation.



The thermal adequacy criterion requires the attainment of a heat balance
for the body (without heat storage) at temperature levels consistent with the
interrelated factors of comfort, physiology, and minimum sweat rate. These
factors will be considered subsequently.

Heat Storage Limit

The body heat storage rate is usually estimated as a function of the
change in the weighted average of skin and rectal temperatures, as follows:

Q = 0.83 W (T

/
stored dt ) (2-2)

body

where W body mass, Ib
| 2
Tbody 3 Tskin 3 Trectal
The average heat capacity of the body tissues is given as 0.83 Btu/lb °F in
Equation {2-2 ). A heat storage tolerance limit of approximately 600 Btu is
generally accepted for men with a body mass of 150 1b (Ref. 15). This
represents a 4.6°F rise in average body temperature. Because of the greater
temperature increases experienced in the muscle masses during periods of high
physical activity, this limit is somewhat conservative. For exarple, it is
known that rise in temperature of the muscles, representing about 43 percent
of the mass of the body, will be approximately 400 percent of the rise in
rectal temperature. This factor would indicate a heat storage tolerance of
approximately 1000 Btu for the same increase in rectal and skin temperatures
as would correspond to the previously cited 600 Btu limit. Recent pressure
suit heat balance studies by Wortz et al. (Ref. 30) appear to justify a
1000-Btu heat storage limit for exercising subjects. 1In addition, it should
be noted that the different heat storage characteristics of various areas of
the body may be important in analyzing and interpreting apparently anomalous
data sometimes obtained in suit tests.

Work OQutput

The portion of the metabolic rate appearing as external work output will
vary with the nature of the task and the work level. It kas been found that
the mechanical efficiency for performance of a given task remains relatively
constant, although the work capacity will vary greatly with different individuals.

The concepts of positive and negative work are important in evaluating
man's energy requirements. Negative work, which is represented, for example,
by lowering a weight in a gravitational field, is accomplished at a lower
energy expenditure than the positive work required for the equivalent reverse
action. Thus, walking downhill or downstairs requires significantly less
energy than walking uphill or upstairs. The metabolic energy cost, above
resting values, for performance of negative work has been found to be from I9
to 42 percent of that for performance of the equivalent positive work.

Figure 2-1 shows the external work output as a functior of metabolic rate
for: (1) exercising on a bicycle ergometer in light clothing (Ref. 5);
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Figure 2-1. Work Output vs Metabolic Rate
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2) exercising on a bicycle ergometer in an unpressurized prototype Apollo

suit (Ref. 26); and (3) exercising with lifting-weights on a wall exerciser
(Ref. 14). 1In all of these cases, the external work output can be measured
directly. However, in the case of tasks such as walking on a horizontal plane,
estimating the work output for purposes of design energy balances will be more
difficult, since it cannot be measured directly. As a consequence, it appears
that for the task of walking in a pressurized suit on the lunar surface, it will
be necessary to neglect work output in formulation of the heat balances for
body cooling. Because of the increase in metabolic rates due to working in
pressurized suits, it appears that it will not be conservative to make any
allowance for work output in formulation of the energy balances for the per-
formance of other extravehicular tasks, since a significant part of the
increased energy input will be expended in moving the suit.

Evaporative Cooling

The evaporative cooling capacity of the environment will be an important
factor in establishing human comfort conditions. Correlations of experimental
data for evaporative cooling capacity have been prepared by different
investigators.

Assuming the body to be totally wet, the following expression has been
given for the maximum evaporative cooling rate of a nude body ‘Ref. 15).

T Vp
- a »/P _ /-
QLmax 0.0408 T35 A < Pa)HZO Btu/hr 2-3)
The expression (PS - Pa)H 0 represents the difference in water vapor partial
2

pressure between the evaporative surface fskin) and the ambient. The case of
a completely wet body will be obtained only under thermal stress conditions
and in humid environments. Also, clothing could significantly reduce the

max imum evaporative cooling of the body to be obtained in a given situation.
From the comfort standpoint as well as from the physiological standpoint, it
is not desirable to approach the evaporative cooling limit. One of the
criteria to be considered in the discussion of human comfort involves as an
index the ratio of the evaporative cooling required to maintain a heat balance
to the maximum possible evaporative cooling.

Nelson et al. f(Ref. 12) give an appropriate expression for the evaporative
loss from the body, as follows:

q, = 0.026! )% 4ip AC Btu/hr (2-4)

s Pa)Hzo

where C represents the fraction of the body covered with sweat. The case of

C = 1.0 corresponds to a maximum evaporative capacity with a fully wet body
surface. The case of C = 0.| approximates the inrsensible moisture loss from
the body provided by diffusion of through the skin. The maximum evaporative
heat loss given by Equation ‘2-3) is substantially greater than that expressed
by Equation (2-4). The variation shown may be an indication of experimental
accuracy or biological! variance. As mentioned previously, the evaporative
cooling capacity will provide the basis for ore of the comfort design criteria




to be evolved. In subsequent sections of this report, the dependence of the
evaporative cooling capacity parameter on pressure and gravity will be
determined by use of established mass-transfer correlations. Both of these
correlations described here are based upon experimental data for heat transfer
from the human body. In the section following, the dependence of the sweat
rate on the relevant temperature control parameters will be discussed.

Thermoregulatory Mechanisms

In a normal environment, man may be exposed durirg the course of a day's
activities to a wide range of external ambients and, at the same time, may
sustain considerable variation in metabolic rate. Consequently, the body has
a number of provisions for thermal control that permit adaptation to a rather
wide range of conditions. The purpose of the thermoregulatory system is to
maintain the internal temperature of the body at a certain level, called the
"set-point,™ which is specific for an individual. Set-point variances due to
individual differences are small, falling in the range represented by
98.0 *0.5°F, for a number of subjects (Ref. 3). The principal thermoregu-
latory mechanisms available for temperature control are the following:

b, Control of blood flow to the skin
2. Control of sweat production
3. Control of metabolic heat production by shivering

One of the major heat regulating provisions of the body involves control of the
blood flow to the skin, since this blood flow serves to convey heat from the
interral tissues, where it is gemerated, to the skin, where it is dissipated.
Thus, under cold conditions, the body attempts to conserve heat by reducing

the flow of blood to the skin areas by constriction of the peripheral blood
vessels., Under hot conditions, vasodilation and increased peripheral blood
flow occur with the onset of active sweating.

The heat dissipation pathways subject to thermoregulatory control involve
sensible heat transfer by radiation and convection and latent heat transfer
by evaporation of moisture from the skin. The range of heat rejection rate
over which thermoregulatory control is effective will be small for sensible
heat transfer compared with that for latent heat transfer. For example, it
can be shown that the heat rejection rate from the body by radiation and
convection will normally vary with skin temperature by approximately
20 Btu/hr-°F. Therefore, in going from a comfortable skin temperature of 88°F
to the upper limit of 98°F, the heat rejection rate by radiation and convec-
tion is increased by only 200 Btu/hr. As will be seen, a considerably greater
range of control is available in the sweat mechanism.

At internal temperatures above the set-point, vasodilation and active
sweating occur; at internal temperatures below the set-point, vasoconstriction
and increased metabolism due to shivering occur. Skin temperature will modify
these effects, making possible such physiological anomalies as simultaneous
sweating and shivering ‘with a high internal temperature and a low skin
temperature .




Sweat Rate

Kerslake (Ref. 7) found the sweat rate to be a linear function of the skin
temperature and heat flux, as follows:

q, c,Q

_ t \
A CI(Ts - Tso Y ) (2-5)

The constants C; and C, vary somewhat with the individual; Tgo was found to
remain relatively constant at 93.9%F for several test subjects. On the basis
of this functional dependence, Kerslake concluded that control of the sweat
mechanism was centered in the deep skin area. The deep skin temperatures that
correlated the observed sweat rates were obtained from the expression

Tgs = Ts A (2-6)
Thus, the constant C; was considered to represent the thermal resistance of

the skin. The coefficient, C,, was found to range from 10 to |7 Btu/hr-ft2-°F
while the coefficient C, varied from 0.065 to 0.085 °F-ft?-hr/Btu. At a heat
flux of 50 Btu/hr-ft?, the deep skin temperature will be from 3.2 to 4.2°F
higher than the skin temperature. The skin temperature will depend upon how
the heat flux is to be dissipated (by sensible heat rejection or by evaporation
of sweat).

In more recent work using improved experimental techniques, Benzinger
(Ref. 1,2,3) found that the eccrine sweat rate is controlled by the hypothalamus
and is dependent upon the cranial internal temperature only for skin temperatures
above approximately 91.4%F; it is suppressed by reduced skin temperature at skin
temperatures less than 91.4%°F. As shown in Figure 2-2, the sweat rate is highly
sensitive to internal temperature for skin temperatures above 91.4°F and
internal temperatures above 98.4°F. For any given internal temperature above
approximately 98.4°F, sweat rates are seen to be diminished by approximately
320 Btu/hr for every °F decrease in level of skin temperature. It will be
noted that this is in agreement with the range for a similar parameter (C; in
Equations (2-5) and (2-6) obtained in the previously cited work of Kerslake).
The combination of reduced skin temperature and elevated internal temperature
(produced by working in low-temperature environments) shown in Figure 2-2 would
be representative of an unusual (although not impossible) environment. The
more common environmental situation for active sweating would be represented
by skin temperatures in excess of 91.4°F. However, the condition shown by
Figure 2-2 may be representative of the situation obtained where the body is
cooled directly by conduction using one of the techniques analyzed in this
report.

Insensible Water Loss

The insensible water loss (which is not subject to thermoregulatory
control) from the body is represented by diffusion through the skin and by
water vapor content of the respiratory products. Wortz et al. (Ref. 18)
found that the respiratory water loss varies with metabolic rate, pressure,

2-6
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dry-bulb temperature, and dew-point temperature of the breathing gas.

Figure 2-3 shows the respiratory water loss as a function of metabolic rate
for representative environmental conditions. The insensible water vapor loss
by diffusion through the skin is influenced by the vapor pressure gradient,
the skin temperature, and the barometric pressure (Ref. 15). Under normal
conditions with respect to skin temperature (91°F) and humidity (50°F dew-
point), the insensible moisture loss by diffusion through the skin will range
from approximately 0.04 Ib/hr (at 4.7 psia) to 0.06 Ib/hr (at 5.0 psia).
Therefore, it can be shown that the minimum moisture loss from the body will
vary from approximately 0.075 1b/hr to 0.10 Ib/hr for a metabolic rate of

500 Btu/hr.

Skin Properties

The properties of the skin listed in Table 2-1 (Ref. 15) are important
in tke apalysis of human comfort.

The "conductance" of the body represents the heat flux dissipated by the
body divided by the difference between the skin temperature and the internal
temperature. The effective conductance of the body can vary over a range from
3.5 to 48 Btu/hr-ft2-°F, depending whether vasodilation or vasoconstriction
prevatls.

The skin temperature and thermal sensation data listed in Table 2-| are
applicable to test subjects at rest. It will be shown subsequently in the
report that decreased skin temperature levels will be preferable at increased
me tabolic rates.

Skin Temperature

Skin temperature is primarily a function of the thermal environment of
the body and the resulting heat exchanger with the ambient. Decreasing
environmental temperatures result in reduced skin temperatures. Decreasing
ambient pressures lead to increased skin temperatures, presumably because of
the lower rates of keat transfer. On the other hand, skin temperature decreases
with i1ncreasing work load because of sweating.

By analysis of human calorimetric data, Herrington (Ref. 50) was able to
derive a linear first-order equation relating skin temperature to ambient air
temperature, radiant temperature, metabolic heat input, and evaporative heat
loss:

TS = 0.286 Ta + 0.142 Tw + 0.0265M + 0'0232QZ + 53.39 (2-7)

where T, Ta’ T, refer, respectively, to mean skin surface, air, and wall
temperatures, and M and Q) to metabolism and evaporation. This expression is
applicable to activities while: seated with normal clothing in a terrestrial
environment; air velocities are about 10 to 20 ft/min;and the average of air and
wall temperatures is between S50° and 80°. Because of the thermoregulatory
effects represented by vasodilation and active sweating, this expression is

limited to conditions where skin temperatures less than 94°F are obtained.
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TABLE 2-1

PROPERTIES OF THE SKIN (REF. 15)

Approximate

We ight

Surface area

Vo lume

Water content
Specific qravily
Thickness

values of the physical dimensions of whole skin for the "average man":

154 1b, 5' 7"
8.8 1b 4 kg
20 sq ft 1.8 ml
3.7 qt 3.6 liters
70 - 75%
(I
0.02 - 0.2 in. 0.5 - 5.0 mn

Approximate values for thermal properties of skin:

Heat production
Conductance

Thermal conductivity (k)
Diffusivity (k/pc)
Thermal inertia (kpe)
Heat capacity

Skin temperature and thermal sensation:

40 Btu/hr

3.3 to 48 Btu/ft®-hr-°F

(.363 +.0726) Btu/ft-hr-°F, at 73.4 to 77°F ambicnt
27.1 x 107* ft¥/hr (surface layer .0102 in. thick)
13.6 to 60.5 Btu?/ft*-hr-°F

~0,8 Btu/1b-°F

84°F (29°)

wWhen the hands reach:
68°F (20°C)
59%F (15°C)
50°F (10°C)

Approximate optical properties of skin:

Emissivity (infrared)
Reflectance (wave-length dependent)

5 "white" subjects
6 "colored" subjects

Solar penetration--very white skin

Solar penetration--very dark skin

When the feet reach:

~0,99
Maximum 0.6 to .1y

45.5% passes
39.6% passes
32.0% passes
19.0% passes
10.2% passes

73.5°% (23°)
64.5°F (18°C)
55.5% (13°C)

Minima <0 0.3 and > 1.2
Transmittance (wave-length dependent) Maxima V.2, .7, 2.2, 6, |y
Minima 0.5, 1.4, 1.9, 3, 7, 12
Solar reflectivity of surface
Very white skin 42%

28 - 40%, average 34%
19 - 24%, average 21%
Very black skin 10

mm depth
mm depth
mm depth
mm depth
mm depth

N —-—00O0
SO N -

75% passes 0.1 mm depth
40% absorbed in the melanin layer
35% passes 0.2 mm depth

Pain threshold for any area of skin 113°F (45°C)
When mean weighted skin temperature is: The typical sensation is:
above 95°F (35°C) unp lecasant ly warm
93°% (34°C) comfortably warm
below 88°F (31°C) uncomfortably cold
86°F (30°C) shivering cold

extremely cold

They feel:

uncomfortably cold
extremely cold
painful and numbh




-

By use of a combined black-globe temperature parameter replacing both the gas
and wall temperatures, the equation can be used for gas velocities up to
100 ft/min. The evaporation rate, Qq, is determined by the following equation:

Q, = 0.228 M (2-8;

Combination of the two equations for elimination of the evaporation rate leads
to the following expression for the skin temperature:

TS = 0.286 Ta + 0.142 Tw + 0.0318 M + 53.39 (2-9)

Unfortunately, Equation (2-9) is restricted to low metabolic rates, a
terrestfial enviranment,and a fixed split between sensible and latent cooling.
As a consequence, this will be of limited utility in the present study, which is
concerned with high metabolic rates and an extraterrestrial environment.

It will be important to design the environmental control system to provide
sui table skin temperatures because of its importance in establishing comfort.
According to Kerslake (Ref. 9), a mean skin temperature of approximately 91.4°F
is near optimum for resting subjects; with mean skin temperatures in excess of
94.0°F, active sweating is obtained; with mean skin temperatures less than
86.0°F, metabolic heat generation by shivering is obtained. Thus, the two
limits in skin temperature can be identified, one represented by excessive
sweating, the other by shivering. Within these two limits there exists the
range for optimum human comfort. In the analysis of the shirtsleeve cabin,
the optimum skin temperature will be assumed at 9I.4°F,since the metabolic
rates obtained should be those for sedentary activities. For the pressure
suit environment, on the other hand, it will be necessary to consider the
dependence of the skin temperature comfort zone on metabolic rate. Figure 2-4,
for example, shows the variation in mean skin temperature with metabolic
rate for both ventilated suits and liquid-cooled garments. Essentially no
sweating is obtained in the liquid-cooled garment, whereas with the ventilated
suit most of the cooling is obtained by evaporation of sweat.

Internal Temperature

As indicated previously, internal temperature is an important factor in
the thermoregulation of the body. The internal temperature is to some extent
a function of the external environment, but is less so than the skin temperature.
Even under conditions where thermal adequacy is provided, there will be a
tendency for increased internal temperature at higher metabolic rates. This
is illustrated by Figure 2-5, which shows the "neutral-zone" internal temper-
ature range as a function of metabolic rate. The neutral zone represents the
conditions obtainable without thermal stress (as in a hot environment, for
example). The neutral range depicted in the curve can be accounted for by
individual differences and by thermal acclimatization of subjects with repeated
exposures. Shown for comparison in Figure 2-5 are the internal temperatures
obtained in ventilated suits and in liquid-cooled garments.

In addition to the previously described effects of internal temperature
on the thermoregulatory mechanisms, there are bjochemical effects, called the
q10 effects, resulting from the temperature dependence of the chemical reaction
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rates which provide metabolic energy. That is, at temperatures above
approximately 98 °F, there will be approximately a 7-percent increase in
metabolic rate per °F increase in internal body temperature. Similarly, at
temperatures less than about 98°F there will be a corresponding decrease in
metabolic rate due to a spontaneous decrease in chemical reaction rate. The
qio effect is important in considering the thermal tolerance limits for human
endurance. It will be noted that if the body is unable to adjust suitably to
the environment, and the internal temperature falls outside the control range,
the q)o effect operates to provide a more severe condition, by decreased
metabolic heat output under cold conditions, and by increased metabolic heat
output during hot conditions.

Regional Requirements

As shown in Figure 2-6, various areas of the body have differing thermal
characteristics and requirements that may be important in human thermal comfort
analysis. For example, Kerslake (Ref. 8) found that resting test subjects
preferred temperatures varying from 83.5%F at the hands and feet to 94.2°F
for the head and torso.

Provision will be required for removal of the insensible perspiration,
even when the body is maintained at conditions where active sweating is not
obtained. This is ordinarily accomplished by atmospheric gas flow over the
surface of the body to remove the water vapor. Therefore, the areas of the
body characterized by high moisture production rates will require a relatively
large part of the total ventilating flow. This will be particularly important
in ventilation-cooled pressure suits. The face and head areas will usually be
adequately cooled by the breathing gas flow to the helmet. The groin and
armpit areas present special problems in suit ventilation systems because of
the high variability of the cooling requirement and the inaccessibility of
these areas to the total suit flow. The palms of the hands and the soles of
the feet are high sweat rate areas. The hands are difficult to cool f{or heat)
because of the requirement for minimum bulk in the gloves.

Means of mass removal other than ventilation could be applied to the
problem of moisture removal from a pressure suit. For example, it may be
possible to provide moisture removal by use of adsorbents or by diffusion
through permeable membranes.

METABOLIC RATES

The metabolic rate represents the energy production rate of the body
obtained by the oxidation of food. Thus, the process of metabolism is
associated with production of energy, consumption of food and oxygen, and pro-
dution of metabolic waste products (water, carbon dioxide, urine, and feces).
Obviously, the material balance aspects of metabolism will be important to the
design of spacecraft life-support systems, since these systems must have
adequate capability to process the required materials. Since most of the
metabolic energy will ultimately appear as waste heat, it is important that
the environmental control system provide for removal of this waste heat from
the body under conditions that are acceptable from the comfort and
physiological standpoints.
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Reci Preferred temperature Heat loss Area Skin
egion (°F) Btu/hr Fr? conductance
Btu/ft?/hr/oF
Head 94.4 15.9 2.15 1.6l
Chest 94.4 32.6 i.83 3.87
Abdomen 94.4 i7.9 r.29 3.02
Back 94 .4 49.3 2.48 4.31
Buttocks 94.4 33.0 1.94 3.70
Thighs gl.4 47.7 3.55 t.76
Caives 87.5 58.0 2.5 2.35
Feet 83.5 39.7 1.29 I.98
Arms 9l.4 33.4 1.07 4.10
Forearms 87.5 34.2 0.86 3.45
Hands 83.5 63.5 0.75 5.45

Figure 2-6.

Regional Cooling Requirements of the Human Body



Metabolic rate will depend upon many factors, including, in particular,

body size, activity, and body internal temperature. Table 2-2 shows metabolic

rates representative of various typical activities in a normal terrestrial
environment (Ref.15). Average design metabolic rates on the order of 500
Btu/hr have been selected for the Mercury, Gemini, and Apollo spacecraft.
Since the crew is restricted to rather sedentary activities in these space-
craft, use of this design metabolic rate is probably conservative. Sealed
cabin experiments in space cabin simulators by Welsh et al. (Ref. 16,17)
involving two men for up to 30-day durations suggest that average metabolic
rates on the order of 330 to 380 Btu/hr will be obtained in space cabins.

The metabolic rates obtained on earth may be subject to considerable
variation when applied to the conditions that will be obtained in spacecraft
environments. The effects due to pressurized suits and reduced gravity will
be discussed in the sections following:

TABLE 2-2
METABOLIC EXPENDITURE FOR TYPICAL ACTIVITIES
Activity Metabolic Rate (Btu/hr)
Sleeping 300
Sitting at rest 400
Piloting a DC-3 in level flight 400
Writing (seated) 430
Writing (standing) 480
Instrument landing DC-4 590
Medium assembly work 680
Taxi-ing DC-3 680
Sheet metal work 760
Driving truck 790
Machining 800
Repair vehicle 820
Slow walking 900
Walking 2.5 mph on firm flat road 660-1140
Walking under water 700-1700
Walking 3.3 mph on plowed field 850
Walking in 12 to I8-in. snow 3010
Pressurized Suits
Significant increases in metabolic energy expenditure will be obtained

for working in pressurized suits because of the restrictions to movement
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“afforded by the pressurized suit. Present extravehicular space suits represent
an extension of aircraft full-pressure suits, in which the pilot is restricted

in motion and limited to more-or-less sedentary activity levels, with the suit
serving as a backup to the vehicle pressure shell. However, in future extra-
vehicular space missions, greater mobility will be required, since man will
perform fairly extensive physical tasks, such as walking on the lunar surface.
Figure 2-7 illustrates the increase in metabolic rate obtained in state-of-the-
art space suits for the task of walking on a treadmill with the suit pressurized
to 3.5 psi (Ref.27,29,30).

Streimer et al. (Ref.l4) report metabolic rates for walking 1.0 mph (in
three different suits pressurized to 3.5 psig) of 1875, 2530, and 3150 Btu/hr
as compared with the metabolic rates for walking in the same suits unpressurized
of 792, 946,and 1100 Btu/hr. Walking 1.0 mph in normal clothing was found to
require an average metabolic energy expenditure of 675 Btu/hr. From these
data, it was observed that encasing a man in an unpressurized suit led to a
I7- to 63-percent increase in metabolic rate, while pressurizing the suit results
in a 178- to 367 percent increase in metabolic rate relative to walking in
normal clothing. The suits used here are aircraft (Mark II and Mark IV) full-
pressure suits and the data are not necessarily applicable to spacecraft
extravehicular suits, although the magnitude of the increase in metabolic rate
obtained in these tests is comparable to that observed for the Apollo and
Gemini suits.

Relatively little information is available concerning the metabolic rates
associated with performance in pressurized suits of tasks other than walking
on a treadmill. Part of the problem here is in defining the nature of the
activities in sufficient detail to permit development of test procedures that
provide adequate simulation of the tasks to be performed. During free-space
extravehicular excursions, there will be no requirement for walking, movement
under zero-gravity conditions will probably be accomplished by use of the
arms. Thus, it appears reasonable to assume that arm and shoulder movements
will predominate for tasks such as egress through hatches, replacement of
components, and repair operations. Most of the metabolic data obtained for
arm and shoulder movements in pressurized suits are highly variable. For
example, in one series of tests involving arm movements in a Gemini suit
pressurized to 3.5 psig, the observed metabolic rates varied over a range from
600 to more than 1500 Btu/hr for performance of presumably the same operation.
In this case, part of the performance spread was attributed to factors such as
suit fit and personnel acclimatization, since the lowest metabolic rates were
obtained by a test subject who had extensive suit testing experience and the
best fit with the suit.

Streimer et al. (Ref.l4) reported metabolic rates for extension/flexion
cycling, using a modified wall exerciser, in pressurized suits. A 46-percent
increase was obtained in metabolic rate for performance of the task in an
unpressurized suit, as compared with shirtsleeves. An additional 47-percent
increase was observed when the suits were pressurized to 3.5 psig. Thus, a
total increase in metabolic rate of |12 percent was observed for performance of
the arm exercise (with an average power output of 500 to 660 ft-1b/min) in a
pressurized suit as compared with shirtsleeves.
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* Reduced Gravity

The effect of reduced gravity on metabolic rate is somewhat uncertain at
the present time. It can be hypothesized that increased muscular activity
will be required to provide restoring forces for body movement in reduced-
traction environments. That is, it will be necessary to use muscular forces
to provide restoring effects normally provided by gravity or friction. On
the other hand, however, it can also be postulated that less work will be
required in a weightless environment, since the body will not be working
against a gravitational field, in order to maintain a standing position, for
example.

Whether one effect or the other predominates would appear to depend upon
the relative importance of gravitational and inertial forces. Margaria and
Cavagna (Ref.l1l) studied the mechanism of human locomotion under subgravity
conditions. Walking at | gis obtained by alternating conversion of potential
energy into kinetic energy, with the kinetic and potential energy levels essen-
tially out of phase. The shift from walking to running occurs at a critical
speed (approximately 5.3 mph at | g) where the changes in kinetic energy are
too high to be sustained only by changes of potential energy. In running,
kinetic and potential energy are substantially in phase. Since the potential
energy changes will substantially bz reduced for locomotion in subgravity,
the critical speed represented by transition from walking to running will be
considerably lower for the lunar environment. Margaria and Cavagna conclude
that locomotion on the lunar surface may not be possible by the walking mode
and will probably be similar from a mechanical standpoint to the running mode.
A jumping mode of locomotion is also postulated for the higher speeds. No
conclusion is drawn concerning the energy requirements for the lunar environ-
ment, except for the statement that the metabolic energy expenditure will be
less than that obtained at | q.

Lomonaco (Ref.10) reports an average 34-percent increase in metabolic
rate for walking on a treadmill in light clothing with simulated reduced
gravity conditions ranging from 1/2 to 1/20 g. Streimer et al. (Ref.4) observed
a I2- to I5-percent increase in metabolic rate for extension/flexion cycling
with the arms under simulated reduced-gravity (low-traction) conditions for
the shirtsleeve and pressurized and unpressurized suit environments. In this
case, one arm was used to do the work while the other arm was used to provide
a counteracting force to maintain position in the low-traction environment.

On the other hand, other tests (Ref.6) indicate a reduced metabolic rate
under subgravity conditions, amounting to 28-percent reduction for 2/5 g and
48-percent reduction for 1/6 g for walking on a treadmill. A recent Russian
paper postulates a 30-percent decrease in metabolic rate for walking on the
lunar surface. In fact, the prediction is made that walking on the lunar
surface in a pressurized suit will require less metabolic energy expenditure
than walking in normal clothing at | g. No substantiating data or analyses
are presented for these conclusions.

Roth (Ref.44) presents a detailed review of the literature concerned
with the mechanics of walking and concludes that an increase in metabolic rate
can be expected for reduced-gravity environments.




COMFORT CRITERIA
General

A number of different indexes for human comfort have been advanced (Ref.19).
The most common of these, used for the design of terrestrial air-conditioning
systems, involve a comfort zone defined in terms of dry-bulb and wet- bulb
temperatures. A large amount of literature is available concerning human com-
fort and physiology under a wide range of conditions in the earth environment.
Unfortunately, because of important differences in gravity and pressure
obtained in space environments, most of these data are not directly applicable
to the design of spacecraft environmental control systems. The discussion
here will be concerned with a critical review of different comfort criteria
that have been proposed, to determine their general validity for all environ-
ments.

ASHRAE Comfort Chart

The conventional ASHRAE human comfort criterion such as that shown in
Figure 2-8 is used for the design of air-conditioning systems, and is based
upon data from subjects sitting at the rest in light clothing with no forced
convection, and a terrestrial environment with respect to gravity, atmospheric
composition, and pressure (Ref.19). The most recent ASHRAE data, noted on
the chart as the lines labeled"slightly cool, comfortable,' etc., show a much
smaller effect of relative humidity than was indicated by the previously
assumed dashed lines-of-equivalent-comfort. Figure 2-8 shows that, for the
above stated conditions, a maximum number of subjects were comfortable at a
dry-bulb temperature of 77°F, which is essentially lndependent of relative
humidity. The boundaries of the comfort zone are 71.5%, where a slightly
cool sensation is reported, and 82°F, where a slightly warm sensation exists.
The influence of relative humidity is shown to increase with increasing tempera-
ture. The ASHRAE Comfort Chart is applicable only for the conditions under
which it was developed, but will prove useful in verifying general thermal
comfort analyses.

Aircraft Environmental Limit Chart

Figure 2-9 is a chart showing the relative comfort requirements of a man
and his ability to withstand various combinations of wet-bulb and dry-bulb
temperatures in high-speed aircraft. In developing this figure, it was assumed
that: (!) personnel are sitting and performlng no more than light manual work;
(2) standard temperature clothing (I CLO) is worn; and (3) air motion is the
equivalent of 200 ft/min linear velocity. The tolerance lines give the recom-
mended maximum duration to the stated conditions. Figure 2-9 was prepared some
time ago by the Air Force and does not take into account variations in the
pressure or the composition of the atmosphere (Ref.24).

Dew-Point, Dry-Bulb Temperature Correlation

Since wet-bulb temperature is a function of gas density, and water vapor
partial pressure is the controlling parameter in latent heat transfer, it is
evident that comfort zone correlations based upon use of the wet-bulb tempera-
ture are not generally applicable to the reduced ambient pressures frequently

2-20




77 7
A
P4 / Ve C
/ \/ 4 332, o
/ \7| - W2 %
’_, L Qumﬁb o %o~
y 4 Y\ P / O.v‘uwov o ®
/ P 7 J N RN~
R o ¥
7 , \\ \w) 0@4 o %
s \. y o mvo % b, N
\/J.W \/\\\ 7 \10\1
7 (\21«.3 \\6 \\ ~
/| V/\ / P4 e > <
. Zz P L Gux —
P % N\ / 7 1
AL SICEIREDS GNP L
7/ 7 7 \\ \\\ 01
P
- o N >
4 x* Y\ ph \/ PR
F~ N 378viN04WO0D e
.l pd \\
;X\V/\VA‘\/A P - _ y
X
'
N .
w Xy
s X
{
w X
22
g3 )
ol
W
-3 S
[ o é,
T—P *
Co %
s
s2
$r
3
<

90

80

90 100

80

DRY - BULB TEMPERATURE - F

19)

ASHRAE Comfort Chart (Ref.

-8.

Figure 2

2-21]



150 \\\ \‘\Bxl// \
140 \ \ 30\ PERCENT
/ RELATIVE
/ HUMIDITY
130 \ 50
W 120 A N\ \ 0\ 4
. SSAKX
£ Hop— N/ ?000 ]
= 100 HALF HOUR
o " ONE HOUR
L. 4
z % TWO HOURS A imiTep
g FOUR HOURS / TOLERANCE:
F4 80 7, TWELVE HOURS HOT ZONE
g 2
z 7,
-~ 70 7 COMFORT ZONE
TWELVE HOURS
60 7' 7177 FOUR HOURs —17
TWO HOURS
50 LA/
/// LIMITED TOLERANCE
#7757/ ONE HOUR COLD ZONE
40 :
HALF HOUR
30 rilidad

20 30 40 S0 60 70 80 9 100 110
WET BULB TEMPERATURE, °F

Figure 2-9. Thermal Requirements for
Tolerance and Comfort in
Aircraft (Ref. 24)

2-22




used in spacecraft environmental control systems. Figure 2-10 shows a somewhat
more basic correlation of the unimpared performance zone as a function of dry-
bulb and dew-point temperatures (Ref.21). Since dew-point temperature is a
direct indication of water vapor partial pressure, this would appear to be
suitable for reduced pressures. However, since the convection heat rejection
rates from the body are a function of pressure and atmospheric fluid transport
properties, it will not be possible to define comfort zone conditions independ-
ent of atmospheric pressure or composition. Also, the effect of reduced gravity
on body cooling by the reduction or elimination of the natural convective heat
transfer mode must be considered. Therefore, it appears that for a comfort
zone criterion to be applicable to spacecraft environments, the correlation
must consider the effect of reduced gravity, reduced pressure, and atmospheric
composition on the heat rejection rates from the body.

Operative Temperature Comfort Correlation

Gagge, Rapp, and Hardy (Ref.20) describe a comfort criterion based upon
a combination of the heat transfer coefficients and respective temperature
potentials controlling each mode of sensible heat transfer. This relationship
is derived from a simplified heat balance for the body, as follows:

= T ‘T + T - T -
Q=h (T -T)+h (T -T) (2-10)
Rearranging Equation (2-10) leads to

hrTw + hCTa
Q= [Ts " Th +h ] (hc * hr) (2-11)
r c

The "operative temperature," Top’ is defined as follows:

= + h T -7 -

Q= (h +h) (T Op) (2-12)
Combining Equations (2-11) and (2-12), the operative temperature is then
given by

h Ty * tha
I (2-13)
c r

Therefore, T0 correlates the combined effects of radiation and convection

cooling of the body and represents the hypothetical uniform temperature environ-

ment providing equivalent heat dissipation from the body for the same values
of h and h ; the difficult problem of predicting hC and h remains. Comfort
c r r

conditions were observed with nude subjects for operative temperatures between
85°F and 90°F using heat lamps to vary the radiation coefficient.
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* Constant Skin Temperature Comfort Correlation

Jannsen (Ref.22) analyzed the sensible heat loss mechanisms from the human
body obtained in a normal terrestrial environment and applied heat transfer
correlations to estimate the heat rejection rates for zero-gravity shirtsleeve-
environment space cabins. For radiation, the heat transfer model involved a
man with an effective radiation area of 5.5 sq ft and an average thermal emis-
sivity of 0.94. Forced-convection heat transfer was assumed to be represented
by ventilating gas flow normal to a cylinder 1.0 ft in diameter with a total
surface area of 19.5 sq ft. The following example expression was obtained by
Jannsen for the sensible heat loss from the body in a pure oxygen atmosphere
at 5.0 psia:

4~
i 0.466
Q = 2.52 [<|00> - \lo | +0.932 V (TC - Ta) Btu/hr (2-14)

By determining the comfort zone conditions in terms of body surface temperature,
Jannsen established a comfort design criterion for space cabins based upon
maintenance of a mean body surface temperature assuming no latent heat loss.
Figure 2-11 shows a thermal comfort correlation. If, for example, in a normal
environment, comfort is obtained at a skin temperature of 86%°F, a comfortable
environmental temperature in a 5.0-psia cabin will be 72°F. This analysis
does not consider the effect of the ambient environment on the latent cooling
capacity. Since the evaporative cooling mechanism is not directly related to
the sensible heat loss mechanism,the comfort criterion described by Jannsen

is probably not sufficient without an additional factor that accounts for
evaporative cooling.

Evaporative Capacity Comfort Correlation

Krantz (Ref.23) describes a comfort design criterion developed by Winslow
et al. (Ref. 25) based upon the percentage of utilization of the maximum
evaporative cooling capacity of the body. It was found that, on the hot side
of comfortable conditions, sweat production was definitely related to the
sensation of discomfort; on the cold side, skin temperatures below 90°F produced
a cool feeling. The maximum evaporative cooling capacity occurs when the body
is completely covered with moisture. The sensation of comfort was related by
Winslow et al. to the percentage of the body covered by moisture, as summarized
in Table 2-3.

Approximately 10 percent of the maximum evaporative capacity was provided
by insensible moisture loss from the body by respiration and by diffusion through
the skin. Hence, this moisture loss is not subject to thermoregulatory control,
and an indicated evaporative cooling requirement less than this amount repre-
sents overcooling of the body. The comfort design method described by Krantz
involves analysis of the environmental conditions to estimate the sensible
heat loss from the body. The metabolic rate is estimated for the activity
level to be sustained. The difference between the metabolic rate and the
sensible heat loss, therefore, is the required evaporative cooling. The
environmental design conditions are then evaluated with respect to the maxi-
mum evaporative cooling capacity; if the required evaporative cooling repre-
sents from 10 to 25 percent of the maximum, the environment is in the
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TABLE 2-3
EVAPORATIVE CAPACITY COMFORT CRITERION (REF 25)

Percent of Maximum

Evaporative Capacity Comfort Level
0 to 10 Cold
10 to 25 Comfortable
25 to 70 Tolerable
70 to 100 Hot
Over 100 Dangerous

comfortable range. If it is outside this range, some of the environmental

design factors (gas temperature, ventilating gas velocity, or wall temperature)
should be changed to provide a comfortable environment. This comfort criterion
accounts for all the important parameters and is applicable to all environments
once general equations for estimating the various heat loss terms are developed.

Figures 2-12 and 2-13 show the maximum evaporative capacity given by Krantz
(Ref.23) for a normal terrestrial environment. The source or basis for these
data is not discussed, although the values listed appear to be consistent with
those of Nelson et al.(Ref.12) with an allowance for natural convection.

This approach will be adapted in a modified form to the problem of defining
comfort conditions for space environments. The sensible heat removal processes
will be corrected for reduced pressure and reduced gravity through use of heat
transfer correlations applicable to the specific process (forced convection,
natural convection, radiation) The maximum evaporative capacity criteria
can be corrected for reduced pressure and zero gravity by use of mass transfer
correlations. For the case of lunar gravity and the shirtsleeve cabin, an
additional correction representing natural convection at 1/6gwill be added
to the evaporative capacity.

Suit Ventilation Cooling

Perhaps more critical than the high work rates are the problems associated
with cooling the man in a space suit at the high metabolic rates Present
space suits represent an extension of aircraft full-pressure suits using
ventilation cooling. Because of the availability of high-pressure cooled
bleed air from the aircraft air-conditioning system, pressure drop of the suit
ventilating gas circuit is relatively noncritical in aircraft pressure suits.
In the case of space systems, the ventilating gas is recirculated after puri-
fication in an atmospheric control system. Because of the high power penalties,
suit pressure drop is important. As a consequence, must of the development
effort associated with the Project Mercury suit involved improvement of the
suit internal ventilating system to reduce ventilating gas pressure drop.
Figure 2-14 illustrates the improvement that has been made in the Mercury,
Gemini, and Apollo suits, compared with the Mark IV suit
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There has been some question concerning the adequacy of ventilation cooling
at high metabolic rates, based upon the first suit heat balance studies, in
which the heat loss by radiation has been reduced to a low value by use of an
efficient thermal insulating garment (Ref.29). The results of these studies
are summarized in Figure 2-15 for the case of [5-cfm ventilating flow with
the suit pressurized to 3.5 psi at altitude. At a metabolic rate of 1600
Btu/hr, the cooling deficit and indicated heat storage is probably in excess
of 400 Btu/hr (with suit pressurized to 3.5 psig at a chamber pressure of
3.5 psia). Since the actual cooling provided by the ventilating gas loop
averages about 900 Btu/hr for a metabolic rate of 1600 Btu/hr (which is
measured independently from the heat balance by spirometer techniques), the
cooling deficit could run as high as 700 Btu/hr, depending upon work output
and efficiency. Figure 2-16 shows the results of pressurized suit tests
conducted at sea-level ambient pressure with a suit ventilating flow of 15 cfm.
In this case, an average heat removal rate of 1000 Btu/hr was obtained for a
metabolic rate of 1600 Btu/hr. Comparison of Figures 2-15 and 2-16 suggests
that tests at sea level could be misleading in determining the thermal adequacy
of a system designed to operate at reduced pressures.

Albright (Ref.26) presents ventilating test data for an unpressurized
Apollo prototype suit in which metabolic rates of 1080 and 1655 Btu/hr were
produced by a bicycle ergometer. Table 2-4 summarizes the energy balance for
the two test conditions (one test subject):

TABLE 2-4
APOLLO PROTOTYPE SUIT VENTILATING TEST RESULTS (REF.26)
Condition | Condition 2
Metabolic output 1655 Btu/hr 1088 Btu/hr
Body heat loss 0 167
1655 Btu/hr 1255 Btu/hr
Sensible heat removal [49 Btu/hr 121 Btu/hr
Latent heat removal 1292 956
loss to ambient -50 =50
Mechanical work 250 167
Heat removed 1641 Btu/hr 1194 Btu/hr

The heat removal rates reported by Albright were obtained at a ventilating
gas flow rate of |5 c¢fm and a total pressure of 3.75 psia. In other tests,
the heat removal rates were somewhat (10 to |15 percent) less, with little or
no increase in cooling capacity obtained for ventilating flows in excess of
approximately (5 cfm (shown in Figure 2-17). It should be noted that the
ventilating performance given by Albright is somewhat better (with no indica-
tion of heat storage) than that reported by other investigators. The differ-
ence may be explained by variations in test conditions or test subjects, or,

possibly, by modifications in the Apollo suit design for improved ventilating
performance.
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In a series of tests on the Gemini Model G2C pressure suit, Wortz et al.
(Ref.30) investigated body heat balances for a ventilating flow of 7.1 cfm
with the suits pressurized to 3.7 psiqg at sea level and 22,500-ft altitude
chamber pressures. Results of these tests are summarized in Table 2-5 in the
form of averages for the eight subjects which were obtained after a one-hour
testing period. In some of these tests, the subjects approached the limit of
their endurance (with rectal temperatures over |03°F and pulse rates in excess
of 200 bpm). At the high metabolic rates obtained in these tests, cooling
deficits ranging from 616 10 1296 Btu were obtained. Part of the observed
cooling deficit may be represented by work output dissipated to the surround-
ings. Since the task involved walking a leve! treadmill in a pressurized
suit, it is not possible 1o make a direct estimate of the work parameter.

On the basis of the observed increase in body temperature with an allowance
for increased temperature rise in the muscle masses, it is estimated that a
maximum heat storage on the order of 1000 Btu was obtained. Thus, it appears
that the work output under the most severe conditions is approximately 300
Btu/hr,

Suit Liquid-Loop Cooling

A liquid heat transport fluid loop can be used to convey waste heat from
the suit to the system heat sink. Because of the relatively high bulk specific
heats of liquid (water =62 Btu/ft>-%F, oxygen =0 0045 Btu/ft>-°F), the power
requirement for heat transport by a liquid loop will be significantly lower
than that for a gaseous transport loop. Water is the most likely heat trans-
port fluid, because of its good heat transport properties, availability, and
lack of toxicity.

Figure 2-18 shows the suit heat exchanger arrangement investigated by
Felder and Sholsinger (Ref.35) which involves use of thermal transport panels
containing liquid transport loop cooling coils. Ventilating gas is fed to the
cooling panels, where it is directed to the skin for removal of insensible
perspiration. Felder and Sholsinger report test results based on use of a man
simulator; liquid-loop heat transfer effectiveness was in the range from 27
to 64 percent for 60 to 70 percent sensible heat removal, heat removal rates
on the order of 50 Btu/hr-ft?, and liquid transport fluid flows in the range
from 1.5 to 2.5 lb/hr-ft?. Subsequently, Bowen and Witte (Ref.3l) report the
results of manned tests on a suit cooling system using a thermal transport
system of similar design.

Figure 2-19 illustrates the liquid-loop cooling method investigated by
Burton and Collier (Ref.33). This approach involves heat removal from the
body by conduction from the skin to tubes carrying a liquid heat transport
fluid. The heat transport tubes are attached to a garment which maintains
them in contact with the skin, as shown in Figure 2-20. Cooling was provided
by 40 vinyl tubes (0.125-in. outside diameter, 0.060-in. bore diameter), each
4 ft long in the original design and 6 ft long in subsequent versions.

The cooling tubes provided a contact area of 0.3 ft? for the initial
design and 0.45 ft2 for the two later designs. Heat removal rates obtained
with all designs were substantially in excess of those predicted by considera-
tion of the thermal conductance of the skin and the heat transfer area of the
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cooling tubes. For example, at a heat removal rate of 404 Btu/hr, the coolant
inlet temperature was 70.5°F and the coolant outlet temperature was 81.3°F.
Assuming an average coolant temperature of 75.9%°F, a mean skin temperature of
91.0°%, and an effective contact area of 0.45 ftz, the overall heat transfer
coefficient is 59 Btu/hr-ft2-°F. The skin conductance under the condition of
vasoconstriction represented by the test situation is approximately 3.3
Btu/hr-ft?2-°F. The heat flux from the body to the transport loop is 890
Btu/hr-ft?. Assuming an internal temperature of 98.5%F with the skin tempera-
ture of 91.0%F, the corresponding heat flux from the body is estimated to be
24.7 Btu/hr-ft?,

Figure 2-21 shows the heat transfer effectiveness as a function of coolant
flow for two of the liquid-loop arrangements investigated by Burton and Collier.
These data were obtained with sedentary test subjects who were insulated with
mattresses. As a consequence of the low metabolic rates represented by the
experimental condition, relatively low heat removal rates (from 300 to 400 Btu/hr)
were obtained in these tests. However, in other tests at the NASA Manned Space-
craft Center, heat removal rates as high as 3400 Btu/hr were obtained with the
test subject in an insulated garment on a treadmill using a coolant flow of
150 1b/hr with an inlet temperature near 32°F. It should be noted that the
heat removal rates obtained by Burton and Collier involved use of a garment
providing essentially complete coverage of the body (excepting the head, hands,
and feet), although the actual prime heat transfer surface represented less
than 3 percent of the total area of the body.

The principle of local cooling of the body has been investigated in detail
by Wortz et al. (Ref.36,37) for the conditions obtained in a pressure suit at
reduced pres;Ure. Using three internal heat exchangers (one on the chest and
one on each thigh), covering less than |5 percent of the surface area of the
body, heat removal rates up to 750 Btu/hr were obtained for the thermal trans-
port loop at metabolic rates averaging 1000 Btu/hr. Ventilating gas flow rates
ranged from 2 to 6 cfm at 7.0 psia. No discomfort was reported by the test
subjects as a result of local cooling. Adequate cooling was reported during
several zero-ventilating-flow runs with the faceplate open. The 200- to 350-
Btu/hr heat removal rates obtained under these conditions may be attributable
to a combination of radiation and conduction. Figure 2-22 shows the heat
removal rates reported by Wortz et al. for local area cooling of the body in
a pressure suit environment,

Crocker, Webb, and Jennings (Ref.34) give test results for a liquid-cooled
garment somewhat similar in design to those tested by Burton and Collier. In
the tests reported, metabolic rate was varied parametrically by walking in a
treadmill with the test subject in an insulated, impermeable overgarment. Heat
transport fluid mass flow was varied from 1.9 to 6.1 1b/min, with the inlet
temperature controlled in the range from 40 to 80°F depending upon metabolic
rate. The garment heat removal rate appears to be primarily dependent upon
inlet temperature and relatively independent of coolant flow rate, as shown in
Figure 2-23. It can be deduced from this curve that it will be necessary to
rather closely match coolant temperature with metabolic rate to provide the
proper cooling effect. Figures 2-4 and 2-5 show the average skin and rectal
temperatures as a function of metabolic rate using the liquid-cooled garment.
An increasing metabolic rate occurs with a decreasing coolant temperature for
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heat removal by the transport fluid. The difference between the rectal and
skin temperatures increases with increasing metabolic rate to provide the
temperature difference necessary for heat transport within the body.

Extravehicular Suit External Heat Balances

Extravehicular suit systems face somewhat different problems in various
extraterrestrial environments. This is due to the significant differences in
both the external environment and the internal requir ements. For example, in
the lunar surface environment, thermal radiation from the lunar surface (at a

maximum temperature of about 710°R) requires careful design to avoid excessive

heat loads. Also, the task of walking on the lTunar surface in a pressurized
suit may represent a high metabolic heat load. For a free-space environment,
on the other hand, the metabolic rates may be somewhat lower because of the
less strenuous nature of the tasks that will be performed. In addition, the
external thermal environment will favor heat leak from the extravehicular
suit., The Mars surface environment represents a special case with unique
problems. The atmospheric pressure (approximately 1.7 psia at the surface)
is not sufficient to adequately support a man without a pressure suit. This
atmosphere complicates the problem of providing a heat sink for a portable
environmental control system since water will boil at an excessively high
temperature and other expendable evaporants have inferior characteristics.
High wind velocities are anticipated for the Mars surface, requiring consid-
eration of convective heat transfer in the extravehicular suit heat balances.

The principal extravehicular suit programs now in progress involve the
Apollo and Gemini missions and use of fabric pressure suits. The limitations
of these suit designs with respect to mobility and increased work rates have
been established. At the present time, there is increasing interest in
advanced suit designs, particularly the "hard" all-metal suit. One hard suit
has reached an advanced prototype stage of development. This suit design
appears to offer a number of potential advantages with respect to mobility
characteristics.

Correale and Guy (Ref. 39) describe some of the Apollo extravehicular
suit design considerations for the lunar environment. A design condition is

indicated with a solar angle of 20 degrees from the normal at a 200-ft distance

from a 14,000-ft-high crater wall that has a 20-degree slope relative to
vertical. Suit thermal garment spectral characteristics are described as

@ =0.10, ¢ = 0.05

Kincaide (Ref. 42) describes the'original portable life-support system
design used with the Apollo extravehicular suit. This system provides a
ventilating flow of 15 cfm at a suit pressure of 3.7 psia for a 4-hour design
duration. The Apollo extravehicular suit assembly program has been redirected
to use a liquid cooling garment. The suit ventilating flow has been reduced
to 5 cfm. A peak cooling requirement in excess of 2000 Btu/hr is provided by
a coolant flow of approximately 240 1b/hr.
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Cramer and Irvine (Ref. 41) analyzed geometrical models for the 50th-
percentile man (total surface area = 20.6 ft2). Figure 2-24 shows the
geometrical models evolved during the study. The simplest cylindrical model
was selected for the analysis of a passive thermal control. A spectral surface
coating providing a low @/e of 0.1! was recommended to provide the necessary
low surface temperatures. Whether this performance is attainable in a fabric
surface is unknown. In order to provide suitable thermal capacity to maintain
a minimum temperature of 66°F during the cold condition, a 0.625-in. layer of
water was proposed to be installed in the extravehicular suit.

Freedman (Ref. 40) presents test results involving a Gemini pressure suit
equipped with an insulating coverall in a space environment simulator. The
coverall insulation consisted of seven layers of 0.25-mil aluminized mylar
with seven layers of |.0-mil dacron spacer. Complete coverall weight was
5.7 1b, }.4 1b of which was insulation. The heat balances obtained in unmanned
tests in a space environment simulator are as follows:

Facing sun -66 Btu/hr
Back to sun -90 Btu/hr
Right side to sun -96 Btu/hr
No sun -132 Btu/hr

The overall heat transfer coefficient represented by the heat leaks above for
the thermal coverall is 0.025 Btu/hr-ft?-°F. Heat conduction through the
seams is said to be the dominant mode of heat transfer through the coverall.

Table 2-6 shows results of NASA extravehicular suit heat balance studies
for two different outer surface spectral characteristics. One of these
represents a white, high-temperature-resistant nylon material. The second is
a simple aluminum coating applied to the fabric.

Table 2-7 gives the spectral characteristics specified by NASA for the
pressure suit used in Project Mercury.

Fejer and Seale (Ref. 38) report the results of thermal studies for
protective suit systems for the lunar, martian, and venerian environments.
The suit heat balance studies were based on use of an aluminized surfacr pro-
viding a solar absorptivity of 0.14 and a thermal emissivity of 0.47. Using
a 0.125-in. layer of superinsulation (k = 5 x 107* Btu/hr ft), in the lunar
thermal environment the night-time heat leak is reduced from -1590 Btu/hr
(uninsulated suit) to -230 Btu/hr; the daytime heat gain is reduced from
1123 Btu/hr (uninsulated suit) to 89 Btu/hr. For the Mars surface, a con-
vective heat transfer coefficient of 1.97 Btu/hr-ft2-°F was estimated,
assuming an ambient pressure of 1.25 psia and a wind velocity of 37 mph.
Using a 0.125-in. layer of superinsulation (k = 1.0 x 10-2 Btu/hr ft °F at
.25 psia), the night-time heat leak is reduced from -8400 Btu/hr to -2700
Btu/lir and the daytime heat leak is reduced from -300 Btu/hr to -120 Btu/hr.
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Because of the relatively high environmental temperatures (+800°F) then
expected on Venus, use of an entirely different insulation concept using
evacuated superinsulation in a double-wall protective vessel was proposed.

TABLE 2-6

COMPARISON OF SUIT AND COVERALL HEAT LEAKS FOR
SURFACE CHARACTERISTICS (REF. 40)

White Fabric Atuminized Fabric

Surface Spectral Characteristlcs

Solar absorptivity, o 0.36 0.09
Thermal emissivity, € 0.85 0.30

Sult Alone (k/L - IS Btu/hraf1?.°F) Heat Leak (Btu/hr)

Orbital day 51 -100
Orbital night - 1600 -600
Lunar surface day 2190 660

Lunar surface night -4100 -1500

Coverall (&/L ~ 0.025 Btu/hr—ft? OF) Heat Leak, (Btu/hr)

Orbital day 10 -10

Orbital night -4 -60

Lunar surface day 24 24

Lunar surface night -180 -84
TABLE 2-7

MERCURY SUIT SPECTRAL CHARACTERISTICS (REF. 43)

Infrared spectral range emittance 0.06
(spectral range 0 to %I with surface fabric at

25 to 600°F)

New Material Reflectivity

a. Near infrared (2000 my) 0.88
b. Visible range (500 mi) 0.84
c. Ultraviolet range (200 my) 0.87

Material Reflectivity After Abrasion and Wear

a. Near infrared 0.82
b. Visible range 0.73
c. Ultraviolet range 0.715
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Table 2-8 gives the Gemini suit thermal characteristics (Ref. 45)

It

should be emphasized that the thermal design of the extravehicular version
of the Gemini suit has not been defined at the present time and the values
fisted in Table 2-8 should be considered to be representative of attainable

performance. There is some doubt concerning the spectral characteristics of

the outer garment since other measurements of the material indicate a solar

absorptivity of 0.17 and a thermal emissivity of 0.88.

TABLE 2-8

GEMINI SUIT THERMAL CHARACTERISTICS (REF. 45)

Outer Helmet
Garment Shell Visor
#

Area, in.? 4400 264 71
Thermal conductivity, Btu/hr-ft-°F 0.02 2.9 .45
Material thickness, in. 0.35 0.09 0.13
Solar absorptivity 0.32 0 25 -
Thermal emissivity ‘ 0.56 0.88 -
*Torso area = 650 in.2, limb area = 2750 in.?

The thermal design of the Apollo extravehicular suit has als

O apparently

not yet been frozen. As a consequence of the uncertainty concerning the ther-
mal and spectral characteristics of suits and suit materials, it will be
necessary to conduct the extravehicular suit heat balances on a parametric

basis using the thermal and spectral characteristics as variables.

The thermal characteristics of the Gemin, suit wiil be used

in the base-

line studies, with various characteristics varied systematically to determine

their effect on overall performance.

2-43



SECTION 3

THERMAL PROCESSES, SUIT ENVIRONMENT

INTRODUCTION

Cooling of the human body encased in an extravehicular pressure suit can
be accomplished by a variety of processes, depending upon design of the suit.
The initial approach, essentially an extension of aircraft full-pressure suit
design, has involved use of a ventilating gas flow passed over the surface of
the body. This method is satisfactory for the relatively low metabolic rates
obtained in space cabins, where the pressure suit serves as a backup to the
vehicle pressure shell. For extravehicular activities in pressurized suits,
substantially higher metabolic rates are obtained. Increases in metabolic
expenditure on the order of 150 to 300 percent are required for a pressurized
state-of-the-art suit as compared with performance of the same task in a
normal shirtsleeve environment. Therefore, it will be necessary to design
extravehicular suit thermal control systems for metabolic rates as high as
1500 or 2000 Btu per hour.

It has not been possible to provide adequate cooling by ventilation with-
out excessive power penalties for circulation of the ventilating gas. Also,
with ventilating cooling, the predominant body cooling process is evaporation
of moisture from the skin. The resultant high sweat rates and body temperatures
impose an undesirable physiological stress. As a consequence of these factors,
liquid-loop cooling methods have been adopted for extravehicular suits.

With the liquid-loop cooling method that has had the most detailed
investigation to date, the heat is removed from the body by conduction to
tubes containing a heat-transport fluid.

In addition to the ventilating-gas and liquid-loop suit cooling tech-
niques, other methods, which involve use of radiation from the suit as the
primary means of heat rejection, are possible. In one of these, a suit
design is used in which the inner wall is.in contact with the skin. Cooling
in this case is done by conduction of heat from the body through the suit
wall to the outer surface, where it is rejected by radiation to the environ-
ment. This situation would be represented by a tight "second-skin" suit
concept. Another approach would provide a gas space between the skin and
the suit inner wall. For low gas velocities, the body would be cooled
primarily by radiation to the inner wall of the suit, conduction through the
wall, and radiation from the outer wall to the environment. In the second
case, the suit concept used might resemble a state-of-the-art pressure suit
in which there was little or no circulation of the pressurizing gas.

The present study will be concerned with an analysis of thermal processes
for extravehicular suits and will not attempt to evaluate suit concepts. Four
principal cases will be considered:

a. Ventilation cooling

b. Liquid-loop cooling (conduction from body)



c. Radiation cooling (conduction from body)
d. Radiation cooling (radiation from body)
VENTILATION COOLING OF PRESSURE SUITS

As indicated in Section 2 of this report, a considerable amount of test
data bas recently been obtained for ventilation cooling of pressure suits
(Ref. 26, 27, 28, 29, 30). Since ventilation cooling is used by all presently
available full-pressure and extravehicular suits, it can be considered, in
terms of development, the most advanced suit cooling method. Unlike methods
in which heat conduction or radiation from the skin is the primary heat
transfer mode, ventilation cooling is able to utilize the thermoregulatory
mechanisms of the body for thermal control. Specifically, heat dissipation
from the body is requlated by means of thermorequlatory control of the sweat
mechanism. As mentioned previously, the physiological disadvantage of this
dependence upon the sweat mechanism increases with metabolic rate. In addi-
tion, certain fundamental limitations on attainable heat removal rates have been
observed. The thermodynamic processes and the heat- and mass-transfer processes
will be analyzed to correlate observed performance and to determine ultimate
performance capabilities for suit ventilation cooling methods.

Thermodynamic Analysis of Ventilation Cooling

It can be shown that in the use of ventilation cooling it will be
necessary to depend upon dissipating much of the metabolic waste heat by
evaporation of sweat from the skin, in order to avoid excessive penalties for
circulation of ventilating gas. The latent cooling capacity of the ventilating
gas flow is given by

.:. 3—
Q, mAthg (3-1)

where AH represents the change in moisture content of the ventilating gas

from the suit inlet to the suit outlet. The moisture content (mass ratio)
is a function of the water vapor partial pressure, the total pressure, and
the molecular weight of the ventilating gas, as follows:

P

M
- Hzo a

The sensible cooling capacity of the ventilating gas, represented in this case
by convective heat transfer, is given by

Q = mC AT (3-3)
¢ %
where AT represents the rise in dry-bulb temperature of the ventilating gas
as it flows through the suit. Since the specific heat of the ventilating gas
will range from 0.22 to 0.24 Btu per 1b °F and the suit outlet temperature
will vary from approximately 85° to 90°F, the total available sensible cooling




Capacity will amount to only 8.8 to 10.8 Btu per lb of ventilating gas (for
a suit inlet dry-bulb temperature of 45°F). The latent cooling capacity will
be considerably greater. Figure 3-1 shows the total cooling capacity of the
ventilating gas as a function of suit outlet dew-point temperature, assuming
an outlet dry-bulb temperature of 90°F and an inlet dry-bulb temperature of
45°F. It will be noted that with dry ventilating gas at the suit inlet, the
cooling capacity of the ventilating gas is increased significantly, for the
same outlet conditions. In recirculating systems using water vapor removal
by condensation, it will usually be impractical to provide ventilating gas
inlet dew-point temperatures below about 45°F. Where desiccants are used
for humidity control, very low dew points can be readily obtained. The gas
obtained from cryogenic or gaseous storage containers will ordinarily have

a very low moisture content, so that the vent flow in an open-cycle system
will provide a substantial cooling capacity in the form of the moisture being
dumped overboard.

Efficiency of Suit Ventilation

Suit ventilating performance is frequently given in terms of a suit
efficiency, n,’ which relates the actual moisture pickup to that theoretically

possible for the given suit inlet and outlet conditions.

(po - pi)Hzo

3-4)
ICONET RN (
Pos ™ P; H,0

ny ~

where Pos represents the water vapor saturation partial pressure at the suit

outlet dry-bulb temperature. Figure 3-2 gives the suit efficiency and outlet
relative humidity as a function of the suit outlet dew-point temperature.
Dew-point temperature is a somewhat more basic parameter than either relative
humidity or suit efficiency, since it does not involve use of an arbitrary
reference. Ventilating efficiency will vary somewhat with suit design,
particularly with regard to the internal flow distribution. That is, not all
of the ventilating flow passes over the same body area before returning to
the suit outlet. The commonly specified suit outlet relative humidity of

70 percent corresponds to a suit efficiency of 60 percent and a suit outlet
dew-point temperature of 79.5%F. This is somewhat higher than actually obtained
in tests. For example, in the series of tests on the Gemini suit by Wortz
et al. (Ref. 30, Table 2-5), suit outlet dew-points on the order of 67° to
70°F were obtained under conditions of severe heat storage at high metabolic
rates (2000 to 2700 Btu per hour). Comparable performance has been obtained
with the Apollo suit (Ref. 29).

Suit Ventilation Pressure Drop

The pressure drop characteristics of the Apollo and Gemini suits are
approximately correlated by the following expression:

oy APS = 0.018 m!'-%7 inches of water (3-5)
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where the suit pressure drop, APs’ is given in inches of water. Thus, the suit

pressure drop depends upon the ventilating flow rate and gas density. The
density ratio, a4 represents the ratio of the gas density to that for air at

a reference condition (0.0765 1b per ft> at 14.7 psia and 59.6%F); it can be
given in terms of the ventilating gas properties, as follows:

PM

o, = 122 —T—E (3-6)
a

The fan power requirement represented by the ventilating gas flow is
given by the following expression:

m AP

W_ = 0.0256

watts (3-7)
f Mr 9

where e is the fan efficiency and APT is the total pressure drop in inches

of water. Combining Equations (3-5), (3-6), and (3-7) and restricting con-
sideration to a pure oxygen ventilating gas at 45°F results in the following
expression for the fan power chargeable to suit ventilation alone:

267
W = 0.0770 ——=7— watts (3-8)
5 an
Equation (3-8) illustrates the sensitivity of the power requirement for suit

ventilation to ventilating flow and pressure. Figure 3-3 shows the pumping
power chargeable to suit pressure drop as a function of ventilating flow and
pressure. If Equation (3-8) is given in terms of the ventilating gas
volumetric flow rate, 4, the following expression is obtained:

67 0.67

22
W = 0.00477 LB ° (3-9)
S ﬂf

Therefore, the power increases with increasing pressure for constant volumetric
flow. Since the ventilating devices used in suit loop systems tend to provide
constant volumetric flow with varying pressure, the characteristic represented
by Equation (3-9) may be important where the system is required to function
over a range of pressure.

Because of the pressure drop in accessories such as absorption beds,
heat exchangers, and fittings, the total pressure drop will be somewhat
higher than that given for the suit alone by Equation (3-4). In the various
spacecraft suit loop systems designed to date, component design has varied
(at the expense of size and weight) to provide an overall pressure drop of
3 to 6 inches of water (exclusive of suit pressure drop) at the design
flow, which has ranged from |0 cfm for the one-man Mercury system to 36 cfm

3-6
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for the three-man Apollo system. Since the pressure drop characteristic
obtained for most of the suit loop accessory equipment is that for laminar
flow,

P =kon -
o4 A o M (3-10)
and the pumping power chargeable to the accessory equipment is given by
-2
k m

W = 4.26 ﬁg_37 watts (3-11)
e f

Ventilation Cooling Energy Transfer Analysis

Present space ard pressure suit assemblies vary to some extent in the
internal ducting arrangement used to distribute the ventilating gas over the
surface of the body. 1In most designs, the ventilating gas is brought into
the suit at the waist or chest and is split into five parts, with a portion
of the flow going to each of the extremities and to the head. Figure 3-4
shows a typical suit ventilation arrangement. Depending upon the suit
design, the ventilating gas flow may be exhausted through the helmet or may
be collected at the chest and exhaust there. The heat transfer analysis to
follow will not be concerned with specific suit designs with particular
ventilating gas flow splits but will involve a basic heat and mass transfer
analysis to determine the ultimate capabilities of ventilating gas suit
cooling methods. Figure 3-5 shows the ventilation gas distribution model
to be used in the heat transfer analysis.

l. Sensible Heat Transfer

Suit cooling by ventilation provides heat removal from the body by
sensible heat transfer and by evaporation of moisture from the skin. The
ventilating gas thus serves as the instrument for both sensible and latent
heat rejection. In order to minimize the pumping power associated with
recirculation of the ventilating gas, it is customary to design for both
low pressure drops and minimum ventilating gas flows. The heat- and mass-
transfer processes take place within the laminar flow regime. If the transfer
processes can be represented by laminar gas flow parallel to a flat plate and
the effect of the mass transfer on heat transfer (by creation of convective
currents) can be neglected, the heat transfer coefficient can be obtained
from the following equation:

Nu = 0.664 Pr%-33 Re%:50 (3-12)
hL
where Nu = Nusselt number = Iy
Cu
Pr = Prandt] number = —%—
60 VWL
Re = Reynolds number = 20 WL
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The Prandt] number is a function of the gas properties alone and will average
close to 0.70 for the gas mixtures and temperature ranges of interest in the
present application.

The ventilating gas velocity, V, is determined by the ventilating mass
flow, the gas density, and the average internal ventilating gas flow area, e.g.,

il

V= o———
60 pAv

ft/min (3-13)

On the basis of the geometric model shown in Figure 3-4, if there is a clear-
ance of 0.75 in. between the body and the suit inner wall, there will be an
approximately average flow area (Av) of 0.196 ft2 available for the passage
of the ventilating gas. Assuming the ventilating gas is ducted to the
extremities and exhausted at the waist, the characteristic flow dimension, L,
is 3.5 ft. Using these geometric parameters, the expression for the Reynolds
number becomes,

Re = 0.298 E (3-14)

The Reynolds number is a correlating parameter for gas flow that is essentially
independent of pressure when expressed in terms of mass flow as above.

Table 3-1 lists the thermal and transport properties of a number of
gases that are possible constituents of ventilating gas systems. Special
techniques are required for the estimation of the thermal conductivity and
viscosity of gas mixtures.

The heat transfer coefficient, h, can be calculated from Equation (3-1),
and is assumed to remain essentially constant for a particular set of operating
conditions. Since the ventilating gas temperature will vary with time in the
suit, it will be necessary to integrate the following energy balance expression:

h (TS -T)dA =nm cp dT (3-15)

For the case where the body temperature is constant, the following expression
is obtained for the heat transfer effectiveness:

i hA
E = Tf—:—f+ = |l - exp ( - T (3-16)
i p

where T_ and Ti are the ventilating gas outlet and inlet temperatures,

A
respectively. The expression -h is the number of transfer unit (NTU) for

mC
heat transfer. P

Figure 3-6 shows the estimated heat transfer effectiveness as a function
of ventilating gas flow.
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Figure 3-7 shows the estimated suit outlet dry-bulb temperature as a
function of ventilating flow for average body temperatures of 92 and 97°F.
Comparison of the calculated suit outlet temperatures with those actually
obtained for the Gemini suit (Ref. 27) (shown in Figure 3-8) discloses that
the higher heat transfer effectiveness is realized than would be predicted by
the simple heat transfer analysis presented here.

It can be demonstrated that the sensible heat rejection from the suit
is better represented by the correlation applicable to heat transfer during
laminar flow through ducts, namely,

NU = 1.86 Re®-33 pro-33 1D

/D \°33
=)

(3-17)

The Reynolds number and Nusselt number in this correlation are defined in
terms of the hydraulic diameter, as follows:

oh m

Re = —— (3-18)
\"
h D

Nu :—lz—h (3-19)

Assuming the same geometry as was used in the previous analysis, the hydraulic
diameter, Dh, is equal to 0.222 ft. Therefore, the heat transfer model is

represented by a duct 0.222 ft in diameter by 3.5 ft long. Figure 3-9 shows
the predicted suit outlet dry-bulb temperature as a function of mass flow
(given in terms of mass flow, the heat transfer model predicts that sensible
heat removal will be independent of pressure level). Shown for comparison

in Figure 3-9 is a correlation of test data for the Gemini suit. The
difference between the theoretical values and the test data may be the

result of heat transfer in the distribution ducting, which has been neglected
in the present analysis.

Under the conditions obtained with high metabolic rates in ventilated
suits, the test subject is under thermal stress with a high sweat rate, and
an elevated skin temperature on the order of 97%F is representative of the
test situation for the data shown in Figure 3-8. However, in the thermal
design of future space suits, it will be undesirable to design for elevated
body temperature. Since it will be desired in most instances to maintain
the skin temperature below approximately 92%F to avoid active sweating, the
previous heat transfer analysis can be used to estimate the sensible cooling
to be obtained with a ventilating gas flow. Since this estimate does not
allow for any heat transfer inside the gas distribution ducts, this estimate
will be on the conservative side. With some suit designs, at low ventilating
flow rates, it has been observed that the ventilating gas temperature approaches
the suit outlet value before the gas leaves the distribution ducting.




DRY-BULB TEMPERATURE, °F

100

90

80

70

60

50

40

/
/]
/

5 10 15 20 25 30
SUIT VENTILATING FLOW, LB/HR

Figure 3-7. Estimated Suit Outlet Dry-Bulb Temperature for
Inlet Temperature = 45°F



ajey MO| 4 D14313WN|OA 33{1INQ
11ng sSA @uniedadwad] qing-AiQ 1913INQ PLJINSEIW  "8-¢ 24nbi 4

W42 - MOTd L371N0 LINS

o¢C v¢ 7¢ o¢ 8z 92 v2 2z 07 el o1 I 21 0l 8 )

vIsd L = d

%ol = *H Y

4457 = L
A *GNOTLIGNDD 13NI LINS
4 1INS WyINIIHIAVELXT INIW3D

—
/
/
A
D,IIIIIIIIWM
—

— \

Y .

cY

S7

SS

08

G8

06

4, - 3YNLYY3IWIL 9708 A¥Q LITLNO

3-16




0L

09

saanjesadwa) qpng-AJag 32]3InQ
11NS PAAUSSQY Y3 im |BD132409Y] jo uosisedwo)y cg-¢ danbi4g

¥H/87

‘M0T4 ONILVITLINIA 1INS

oy

0¢

O
cd

a1

S
dot6 = L

14 6°¢ = 1
14 22270 = o

12nQ v HONOYHL MO74
171300W H3I4SNVYL 1V3H

oS

09

072

08

06

001

‘JYNLYYIdWIL 87nE-Ada 1371N0 LINS

1

3-17




2. Latent Heat Transfer

The mass transfer analog to Equation (3-12) (for laminar flow over a
plane surface) is the following:

h L

T = 0,664 S0+ 33 Re0:30 (3-20)

where hd = mass transfer coefficient, ft per hour.

The characteristic length dimension, L, represents the length of the
ventilating gas flow passage. The diffusion constant, D , is given by the

following expression for diffusion of water vapor in air:

12.7 (_I_)'=B'

b =%~ %o

Ft2/hr (3-21)

The Schmidt number is then given by

m wRT  uRT ( T ("'-81

S =0, PD "~ 12.7 ‘280 (3-22)

Therefore, the Schmidt number is independent of pressure and will be equal to
approximately 0.523 for diffusion of water vapor in air at a temperature of
85°F.

The mass transfer coefficient, hd

Following is a material balance for an incremental section of the ventilating
flow path:

M,
_ _ ]
PH,0 My = ™M, dA M dm,, (3-23)

h

where m is the mole fraction of water vapor at the evaporating surface and
s
m is the mole fraction of water vapor in the ventilating gas stream. By
w

substitution, Equation (3-23) can be simplified and expressed in terms of
water vapor partial pressures, as follows:

- dA = L 4 -
hy [PS Pa]HZO = 9Pu0 (3-24)

, can be determined from Equation (3-20).

“n



‘Assuming constant water vapor partial pressure at the evaporating surface,
the following expression can be obtained for the mass transfer effectiveness:

h A
e - [P0~ Pil w0 E -~ exp(- 9 p)} (3-25)

mt — h
®s = Pil w0

The mass transfer effectiveness expression is analogous to that for heat
hdAp

transfer (Equation 3-16); the dimensionless group represents the number

of transfer units for mass transfer. The mass transfer coefficient, unlike
the heat transfer coefficient, is dependent on pressure; Equation (3-25)
together with Equations (3-20) and (3-21) show the mass transfer effec-
tiveness, like heat transfer effectiveness, is independent of pressure
when expressed as a function of mass flow.

Figure 3-10 shows the mass transfer effectiveness as a function of suit
ventilating flow rate. The mass transfer effectiveness parameter is equiva-
lent to the suit efficiency parameter given by Equation (3-4) and shown in
Figure 3-2, if the suit outlet temperature is equal to the skin temperature.
Since maximum suit efficiencies fall in the range from 40 to 60 percent, it
is evident that the mass transfer effectiveness predicted by the material
transport correlations will be somewhat high. Perhaps the most significant
source of error in the analysis may be due to the assumption of uniform
evaporation over the surface of the body. Because of the differing thermal
characteristics of various areas of the body, this assumption is probably
not valid even under conditions of severe thermal stress, where maximum
sweat rates are obtained.

Figure 3-11 shows a correlation of the latent cooling capacity test data
for the Gemini suit in terms of mass flow. This correlation is consistent
with a mass transfer model based on flow through ducts, which is compatible

with the previous correlation of sensible heat removal. The mass transfer
analog of Equation (3-17) is the following:

h D D 0.33

% < 1.86 Sc0-33 Re0:33 <rh-> (3-26)

3. Combined Sensibie and Latent Cooling

Based upon the previous analyses of sensible and latent heat transfer
processes, estimates can be prepared for the total cooling effect to be
obtained with suit ventilation. Fiqure 3-12 shows the maximum cooling to be
obtained as a function of ventilating flow. It will be observed that a
point of diminishing retum is quickly reached with increasing ventilating flow,

particularly when the increasing suit pressure drop is taken into consideration.
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Therefore, it appears that ventilation cooling will be marginal with
respect to performance for suit heat loads in excess of 100 to 1200 Btu/hr.
It will be noted from Figure 3-12 that the problem of high sweat rates will
be alleviated only slightly by increasing the ventilating flow.

LIQUID-LOOP COOLING OF PRESSURE SUITS

Because of the relatively high density of liquid heat transport fluids
compared with ventilating gases, liquid-loop suit cooling methods offer
potential engineering advantage over suit ventilation, particularly at high
metabolic rates, where large ventilating gas volume fiows would be required
to provide thermal adequacy. 1In addition, liquid-loop suit cooling provides
a significant physiological advantage with respect to reduced sweat rates
and reduced body temperatures under the high work rates obtained in pressurized
suits.

Heat can be removed from the suit and transferred to the thermal transport
loop by a number of different types of internal heat exchange device. These
arrangements involve two basic principles: (!) conduction from the body by
means of coolant tubes in contact with the skin and (2) evaporation of recycled
water from the wicks in contact with the skin. The first arrangement involves
use of full- or partial-coverage cooling garments inside the suit. The sec-
ond scheme consists of a series of internal heat exchangers that condense
water from the ventilating gas stream and return the condensate counter-
current to the ventilating flow (by means of wicks) for reevaporation. 1In
this way, the water is repeatedly reevaporated at the same place and the
cooling effect is obtained without eccrine sweating. The water that is
recycled can be (1) introduced from an external supply, (2) provided in the
original charge in the form of wet wicks, or (3) obtained from the body as
perspiration.

Although the conduction methods are probably preferable from the standpoint

of heat transfer efficiency, the reevaporative methods may offer advantage
with respect to control simplicity, flexibility in handling varying heat
loads, and ability to provide emergency cooling. Other internal heat exchange
methods, such as those that depend upon radiation on to a liquid-cooled sur-
face as the primary heat transfer process, do not appear to be competitive.

Conduction Cooling Heat Transfer Analysis

The liquid transport fluid will be distributed in a number of parallel
small-diameter tubes covering all or part of the body surface area. For the
case of streamline flow in small diameter tubes at low temperature differ-
ences, McAdams (Ref 52) gives the following heat transfer correlation

hd A;nc 0.33
hd  _ P -
- b.86 | = (3-27)

Following is a heat balance for heat transport fluid flowing through an
element of tube length

ho (T -T)dL = mC_dT (3-28)
w P
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Integration of Equation (3-28) for constant tube wall temperature, TW, results

in the following expression for the transport fluid heat transfer effectiveness:

) [ _ _homodl .
Etf - T -T. |:' exp ( M Cp ):| (3-29)

Figure 3-13 shows the heat transfer effectiveness as a function of coolant
mass flow rate in terms of the heat transfer surface efficiency. Since not
all of the tube area will be in contact with the skin, it would be expected
that only a portion of the total surface area will be effective in removing
heat from the body.

From comparison of the experimental data of Burton and Collier (Ref.33)
with the theoretical results in Figure 3-13, it would be estimated that the
heat transfer surface efficiency is between 5 and {0 percent, averaging close
to 8 percent for the first cooling garment configuration tested by Burton and
Collier. For the second thermal garment, which involved a greater tube
length, a somewhat lower surface efficiency is indicated in Figure 3-14. The
reduction in performance, relative to theoretical performance, with increasing
coolant flow may be explained by a decrease in skin temperature. Burton and
Collier did not measure skin temperature, but assumed it to be constant at
91°F in calculating thermal garment effectiveness. The data of Crocker,

Webb, and Jennings (Ref.34) indicate significant reduction in skin tempera-

ture with increasing heat removal rate. This would be expected, of course,

if the body is assumed to offer a constant thermal resistance. Figure 3-15
shows the thermal conductance of the body as a function of liquid-loop heat
removal rate. For the range of heat removal rate from 600 to 1600 Btu/hr,

the thermal conductance appears to be essentially constant at an average

value of approximately 75 Btu/hr-°F. This corresponds to the lower limit on
conductance obtained by other investigators under conditions of vasoconstriction
(Ref.3). Thermal conductances above this level represent the occurrence of
vasodilation.

The liquid-cooled garment performance data reported in Ref. 33 and 34
were obtained with garments provided with approximately 240 ft (40 parallel
tubes, each 6 ft in length) of tubing with a 0.125-in. outside diameter and
a 0.060-in. inside diameter. The total heat transfer surface area is then
3.77 ft? (based on inside diameter) or 7.85 ft? (based on outside diameter).
Burton and Collier calculated the tube surface area in contact with the body
to be 0.45 ft? for the garment. This represents 5.7 percent of the total
outside surface area of the cooling tubes which is in approximate agreement
with the performance shown for this garment in Figure 3-14.

Conduction Cooling Comfort Analysis

Where the body is cooled by conduction, somewhat similar comfort consid-
erations will be applicable. The inherent thermoregulatory mechanisms may
be less effective in maintaining internal temperature in the desired range
with conduction cooling of the body, since the sweat mechanism will not
be used in the thermal control processes. Therefore, temperature control
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Figure 3-15. Thermal Conductance of Body with
Liquid Loop Cooling
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may be a more difficult problem, since metabolic rates can vary over a wide
range, and conduction cooling tends to provide constant heat removal rates.

The approach to be used here for establishing comfort conditions for
conduction cooling is based upon maintaining skin temperature within a
specified range, bounded on the high side by the onset of active sweating
and on the low side by the occurrence of shivering.

1. Zero Sweat Rate Criterion

The requirement for zero eccrine sweating has been specified for the
liquid transport systems to be used with extravehicular suit assemblies.
The previously cited physiological data of Kerslake (Ref. 7) and Benzinger
(Ref. I, 2, 3) can be analyzed to establish the conditions consistent with
the requirement for zero eccrine sweat rate. For example, if the sweat
rate is set equal to zero in Equation (2-5), the following expression is
obtained for the skin temperature as a function of the body heat flux:

s QL =0 so A (3-30)

Using the range of C, obtained by Kerslake (from 0.065 to 0.085 Btu per
hr-ft2-%F), it can be demonstrated that the skin temperature for zero

sweat rate decreases with increasing metabolic rate and that the frequently
cited sweating threshold of 91.4°F is applicable to low metabolic rates only.
This is illustrated in Figure 3-16. Benzinger's data (shown in Figure 2-2)
indicate supression of the onset of vasodilation and active sweating with
reduced skin temperature. These data can also be used as the basis of
another zero sweat rate criterion, if the effective conductance of the body
is known, Under the condition for no active sweating, it appears reasonable
to assume occurrence of the minimum skin conductance (for full vasoconstric-
tion) of 3.3 Btu per hr-ft2-%F. The zero sweat rate criterion developed

from Benzinger's data is also shown in Figure 3-16. It will be noted that
there is a significant difference between the zero sweat rate skin temperature
correlations. This may be accounted for by differences in experimental
conditions or in methods of calculating mean skin temperatures. Shown for
comparison in Figure 3-16 are the skin temperature data of Crocker, Webb,

and Jennings (Ref. 34) obtained with a liquid-cooled garment. Presumably,
these tests were conducted under conditions where very low eccrine sweat
rates were obtained. The liquid-loop cooling skin temperature data correlates
fairly closely with the zero sweat skin temperature correlation derived from
Benzinger's data. Therefore, it appears appropriate to base the zero sweat
criterion for conduction cooling upon the liquid-loop data.

2. Shivering Limit Criterion

The commonly specified skin temperature limit of 84% to 86°F for the
onset of shivering applies to low metabolic rates. Like the skin temperature
limit for onset of sweating, the skin temperature level representing the
threshold for shivering decreases with increasing metabolic rate. Crocker,
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Webb, and Jennings (Ref. 34) cite the data of Cannon and Keatings (Ref. 55)
(for the minimum skin temperature at which shivering provides a steady if
depressed internal temperature level) to establish a minimum skin temperature
level for conduction cooling of the body.

Another criterion for minimum skin temperature can be based upon heat
loss from the body under conditions of vasoconstriction produced by cold
conditions. Nielson (Ref. 56) obtained conductances ranging from 59 to
88 Btu per hr-°F for a subject working at low skin temperatures. Assuming
an internal temperature of 98.0°F, the shaded area shown in Figure 3-17
represents the range of body heat loss predicted as a function of mean skin
temperature from Nielson's data. Presumably, within this range it is possible
to obtain a steady-state heat balance at internal temperature levels consistent
with the thermoregulatory set-point. Consequently, thermal adaptation to
this range of skin temperature should be possible without shivering. The
limit defined by the body conductance of 3.3 Btu per hr-ft2-%F will be used
as a lower boundary in the conduction cooling comfort zone.

3. Conduction Cooling Comfort Zone

Figure 3-18 shows the conduction cooling comfort zone, based upon the
previous analyses of the skin temperature limits established on one side
by sweating and on the other side by shivering. It is evident that the range
of skin temperature indicated for thermal comfort is fairly narrow, particu-
larly at the lower heat removal rates. The requirement for zero eccrine
sweat rate is unnecessary from a comfort standpoint, since comfort conditions
can be obtained at high sweat rates if adequate latent cooling capacity is
provided. However, for reasons discussed previously, it is highly desirable
to minimize sweat rates. It should be noted that the previous analysis did
not consider the problem of thermal sensations. The available data indicate
that at high work rates the reduced skin temperatures will be subjectively
acceptable.

Comparison of Conduction and Radiation Liquid-Loop Cooling

It has been proposed to design a liquid transport suit cooling system
that depends upon radiation from the skin to the coolant tube walls as the
primary means of removing heat from the body. This approach can be shown
to be much less efficient in terms of effective cooling capacity per unit
tube area than removing the heat from the body by conduction to the tubes.
Figure 3-19 shows the relative cooling capacity for radiation and conduction
cooling of the body, as a function of the coolant temperature level. Although
the effective area for conduction cooling is much less than that assumed for
radiation (0.45 ft? as compared with the total tube area of 7.85 ft? assumed
for radiation), the cooling rate for conduction cooling of the body (based
upon the data of Ref. 34) is much greater. It should be emphasized that this
comparison is based upon comparable garment designs; in one design, the tubes
are maintained in close contact with the skin for conduction cooling, and in
the other, the tubes are spaced from the body for radiation cooling. Even if
the heat transport garment provided complete coverage of the body, it does
not appear that radiation cooling would be competitive with the conduction
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N

cooling technique from a heat transfer standpoint. However, there may be other
considerations involving crew acceptance resulting from the lack of physical
constraint by skin contact that might favor the radiation cooling technique.

Estimated Liquid-Loop Performance

The previous heat transfer analysis for liquid-loop suit cooling can be used
for performance predictions, if allowances are made for the temperature drop due to
conduction through the coolant tube walls. Assuming the inner wall of the coolant
passages to be at Tw and the outer wall to be at the mean skin temperature, Ts’

the heat conduction through the tube wall with an effective area, Aeff’ is given by

ket s (

t

Q = T -T) (3-31)

S

where kt anrd Lt represent the thermal conductivity and the thickness of the tube wall,

respectively. The heat transfer to the coolant is given by

Q= Etfme (Tw - Ti) (3-32)
Combination of Equations (3-31) and (3-32) with elimination of Tw results in the
following expression for the heat transport through the coolant tubes:

mC Et (TS - Ti)

Q- —£ ;c E L (3-33)
|+ Etft
“tRetf
By differentiation of Equation (3-33) with respect to Ti for constant Ts’ Etf’ and
ktAeff
m, an expression can be obtained for evaluation of the parameter T in terms
t

of the variation of the heat removal rate with coolant inlet temperature. From
the data given in Figure 2-23,

“tAets

bt

= 58.8 Btu/hr-°F (3-34)

Figure 3-20a shows the results of heat transfer calculations using heat transfer
surface efficiencies comparable to those obtained by Burton and Collier (Ref 33)
while neglecting the tube wall temperature drop. Figure 3-20b gives equivalent
performance after allowing for the tube wall temperature drop represented by the
value of the heat conduction parameter given by Equation (3-34). It will be noted
that the thermal resistance of the tube wall will significantly affect
performance, particularly at high heat fluxes. Shown for comparison in Figure 3-20b
are the performance data obtained from References 33 and 34. It appears that a
reasonable correlation is obtained for the data obtained by two different investigator
using liquid-cooled garments of similar design characteristics. Attainment of higher 1
performance will require increased effective area coverage of the body or reduction ‘
in the tube wall thermal resistance (by increased thermal conductivity or reduced ‘
wall thickness). l
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RADIATION COOLING {CONDUCTION FROM BODY)

In order to evaluate the possibility of a passive thermal control system
for an extravehicular suit based upon the principle of heat conduction from
the skin to the suit outer wall, computations were made based upon the thermal
properties of an existing suit design (the Gemini suit). It should be recog-
nized that an extravehicular suit designed for passive thermal control would
have thermal properties tailored for that purpose. Figure 3-21 shows the
heat balance used for the extravehicular suit heat balance studies. Section 5
of this report describes the extravehicular heat balance calculation methods.

When heat conduction through the walls of the extravehicular suit is
taken into account, the surface temperature distribution will be substantially
different from the equilibrium temperatures with zero heat leak. Figure 3-22,
for example, shows the surface temperature distribution for the case where
the skin is in contact with the inner wall of the suit. In this case, the
composite suit thermal characteristics are represented by an equivalent
thermal conductivity of 0.02 Btu/hr-ft with a wall thickness of 0.35 in. (Ref. 45).
For the conditions shown, the temperature gradient around the body is reduced
from 300°F to approximately 100°F. The corresponding heat leak represents
a net loss of 337 Btu/hr. Figure 3-23 shows the heat flux distribution. The
portion of the suit facing the sun has a maximum input heat flux of 35 Btu/hr-ft?,
while the dark-side portion of the suit has an output heat flux of between
30 and 40 Btu/hr-ft?. The heat flux integrated over the area of the body
leads to a net heat loss of 337 Btu/hr for the conditions specified.

COMPOSITE SUIT
THERMAL AND WALL k  0.02 BTU/HR/FT/°F
PROTECTIVE GARMENT t - 0.35 IN.

SOLAR RADIATION INPUT W
DIRECT
VEHICLE REFLECTED
PLANET REFLECTED

THERMAL RADIATION INPUT

FROM PLANET
FROM VEMICLE

S

ABSORBED
P
THERMAL RADIATION OUTPUT &=
BODY
A-8490
Figure 3-21. Heat Transfer Model for Radiation Cooling of the

Extravehicular Suit with Heat Conduction from the
Skin through the Suit Wall
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. The variation in the total heat leak from the extravehicular suit with
the orbital parameters is given in Figure 3-24. For the extravehicular suit
characteristics used here, the suit heat leak will range from 200 to 700 Btu/hr.

It should be emphasized that the values shown in this study are based
upon the assumptions that equilibrium conditions will be attained and that
peripheral heat conduction in the garment will be negligible. Thermal
inertia will substantially modify these curves, although cursory calculations
indicate that the extremes indicated will be attained, unless special pro-
visions in the form of heat storage materials are added to the suit. The
short-duration peaks, however, will be reduced, both by system thermal capacity
and the ability of the body to adjust to varying environmental conditions.
Where the orbital plane is normal to solar radiation (¢ = 0°), the heat leak
from the suit remains constant at =340 Btu/hr. Where the orbital plane is
parallel to the solar radiation, an average heat leak rate of approximately
-600 Btu/hr is obtained.

Other methods of modifying the heat rejection rate from the suit involve
use of thermal insulation and of different spectral characteristics for the
outer surface. Addition of insulation and use of an outer surface with a
higher thermal emissivity would serve to maintain heat rejection rate while
reducing its range of fluctuation.

One of the problems with the concept considered here results from
collection of insensible perspiration on the inner wall of the suit. This
could be accommodated by use of porous wall materials permitting diffusion
of water vapor overboard or by use of an inner garment that collects the
moisture. An inner garment would serve the additional purpose of providing
thermal insulation to assist in thermal regulation.

RADIATION COOLING (RADIATION FROM BODY)

A passive cooling system in which an air gap islocated between the body
and the suit inner wall requires a less radical new extravehicular suit concept
than the previous case where the suit wall provides conduction cooling of the
body. Figure 3-25 shows the heat transfer model used in system thermal
analysis. As before, the baseline suit thermal characteristics are based on
a state-of-the-art suit assembly (the Gemini suit). In this case, different
characteristics of the suit will be varied parametrically to determine what
effect they have on suit heat leak.

For the case where an air gap separates the inner wall of the suit from
the body, an additional thermal resistance, represented by the air gap,
appears in the heat transfer path. If the gas is essentially stagnant or it
flows through the gap at relatively low velocities, the thermal resistance is
primarily determined by radiative heat transfer. The addition of the internal
air gap significantly reduces the heat loss from the extravehicular suit.
Figure 3-26, for example, shows the heat flux distribution for the case with
the air gap. (Figure 3-27 shows the heat flux for equivalent conditions
without the air gap). Comparison of the two figures shows that the maximum
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Figure 3-25. Heat Transfer Model for Radiation Cooling of the
Extravehicular Suit with Radiation from the Skin

to the Inner Wall
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heat flux input is reduced from 34 Btu/hr-ft? to 25 Btu/hr-ft? and the maximum
heat loss is reduced from -40 Btu/hr-ft® to -32 Btu/hr-ft2. Corresponding total
heat leaks are reduced from a maximum of -614 Btu/hr to -484 Btu/hr. Therefore,
from a thermal standpoint, whether or not the air gap is desirable depends

upon the design objectives concerning heat dissipation.

Figure 3-28 shows the total heat leak for the extravehicular suit with
an internal air gap as a function of the orbital parameters. It can be shown
by comparison with Figure 3-24 that the air gap reduces the range over which
heat loss will vary. This is probably desirable as a means of passive
temperature control. Other means of providing passive thermal control to be
investigated involve use of thermal insulation and special surface coatings.

Figure 3-29 shows the effect on heat leak of varying the thickness of the
suit wall. Relatively little change is obtained when the suit is exposed to
sunlight; greater reduction in heat leak is obtained during dark-side operation
or when the suit is in the shadow of the vehicle.

The previous heat leak calculations have been based upon an extravehicular
suit in the immediate vicinity of a spacecraft, the suit maintaining a fixed
orientation relative to the earth-spacecraft vector. Fiqgure 3-30 shows the
heat leak as a function of extravehicular suit orientation where the suit is
remote from the spacecraft. It will be observed that the heat leaks are some-
what greater than those described previously for comparable conditions. The
maximum heat leak increases from -484 Btu/hr to -660 Btu/hr. Therefore, if
the extravehicular excursion involves moving a significant distance from the
spacecraft, it will be necessary to allow for a greater heat leak from the
suit. It can be seen that suit orientation will have relatively little effect,
although it may be necessary to consider this factor in designing passive
thermal control systems for extravehicular suits.

As shown in Figure 3-31, the spectral characteristics of the outer surface
of the extravehicular suit will exert an important effect on the suit heat
leak. For the spectrally selective surface (€, = 0.80, @, = 0.20), an
average heat leak of approximately =584 Btu/hr is obtaine%. For a reflective
surface coating (€, = 0.05, o, = 0.10), an average heat leak into the suit
of approximately +78 Btu/hr is obtained. For typicalsuit surface character-
istics (e, = 0.56, ap = 0.32), the heat leak will be approximately -342 Btu/hr.
Therefore, the suit surface characteristics can be selected either to
minimize or to maximize the radiative heat loss.

It can be concluded that selection of the suit surface spectral character-
istics will be an important factor in the thermal design of extravehicular
suit systems. However, practical considerations based upon material avail-
avility and durability may limit selection. For example, it has been found
that aluminized mylar, which has good performance if minimum heat leak is
desired, is not sufficiently durable. A high-temperature-resistant nylon
fabric is presently favored as the outer material for space suit assemblies.
Performance approaching that given for the spectrally selective surface can
be obtained at the present time.
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. Since there is considerable uncertainty at the present time concerning
attainable performance with materials suitable for extravehicular suit outer
surfaces, additional extravehicular suit heat balance computations were made
using suit spectral characteristics obtained from the literature cited in
Section 2 of this report. The results of these studies are given in

Figures 3-32 and 3-33 and are summarized in Table 3-2. If the solar absorp-
tivity can be reduced to values less than 0.1, the difference between the
maximum and minimum heat leak (between day and night conditions) can be reduced
to less than 200 Btu/hr, for the assumed suit insulating properties. Of

course, this variation can also be reduced by addition of thermal insulation
which would additionally serve to decrease overall heat rejection, which, in
this case, would be a disadvantage. However, increase of the thermal

emissivity to approximately 0.9 will increase the maximum heat rejec tion rate
to approximately 800 Btu/hr. Therefore, it can be concluded that if a thermal
emissivity of 0.9 and a solar absorptivity of approximately 0.05 are attainable,
the extravehicular suit heat rejection rate will be approximately 750 *50 Btu/hr
in an earth orbit.

The theoretical limit for radiation cooling of the body can be determined
by means of a simple calculation assuming, (1) the entire surface of the body
(19.5 ft?) to be available for radiation, (2) the skin temperature to be 91°F,
and (3) the inner wall temperature of the suit to be 32°F (established by the
freezing point of water). The maximum theoretical heat transfer rate determined
by this computation amounts to 1100 Btu/hr. It can be concluded from this that
any suit cooling scheme using a radiation gap between the body and the inner
wall will not dissipate heat at higher rates, without buildup of ice on the
inner wall of the suit. If only 80 percent of the area of the body is available
for radiation, which is the usual value assumed in estimating radiative heat
loss from the body, the theoretical maximum_heat removal rate is reduced to
880 Btu/hr. Thisisratherclose to the value determined by the heat transfer
analysis. Consequently, it can be concluded that the attainable heat rejection
rate will not be increased by any combination of suit thermal or spectral
characteristics, where the body is cooled by a radiation through an air gap.
With any type of cold wall radiation cooling scheme, condensation of moisture
on the cold surface will represent a design problem. It may be possible to use
wicks or membranes to remove the condensate.
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TABLE 3-2

EFFECT OF SUIT OUTER SURFACE SPECTRAL CHARACTERISTICS ON
EXTRAVEHICULAR HEAT BALANCE FOR 160-NM EARTH ORBIT

Suit Outer Surface Ref Heat Transfer Rate (Btu/hr)
Spectral Characteristics ) Max i mum Minimum Averagel

o €y

0.20 0.80 =715 -440 -584
0.32 0.56 45 -575 -125 =342
0.10 0.05 39 +197 - 80 + 78
0.06 0.88 43 -770 -655 -708
0.09 0.30 40 -430 =242 -333
0.15 0.10 +210 ~162 + 25
0. 36 0.85 40 -750 -390 -489

DISCUSSION AND CONCLUSIONS

Extravehicular suit cooling by ventilation appears to be limited to heat
removal rates of about 1300 Btu/hr for ventilating gas flow rates up to 15 cfm
at 3.7 psia. Most of this heat removal will be accomplished by evaporation
of sweat from the body. At high metabolic rates, the high sweat rates obtained
with ventilation cooling will be accompanied by high skin and internal temperatures,
which are undersirable from both comfort and physiological standpoints. In-
creasing ventilating flow beyond approximately 15 cfm results in relatively
small gains in cooling rate while greatly increasing the power requirement for
suit ventilation.

Suit ventilation performance data can be correlated by the heat and mass
transfer equations developed for flow through ducts. If the ventilating flow
is expressed in terms of mass flow rate, the heat transfer effectiveness and:
mass transfer effectiveness (as well as the corresponding dry-bulb and dew-
point temperatures) can be correlated as a function of flow, independent of
pressure. The mass transfer effectiveness applicable for flow through equivalent
ducts correlates with the observed suit performance if a water-vapor partial
pressure at the skin, (PS)Hzo’ less than that given for the skin temperature

is assumed. A water vapor partial pressure at the skin of approximately 0.50 psi
has been found to provide the best correlation of the test data with the
calculated performance. The water vapor partial pressure at the mean skin
temperature of 96°F is 0.84 psi. Part of the difference can be explained by

vapor pressure lowering due to dissolved electrolytes in the sweat that evaporates
from the skin.
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Extravehicular suit thermal control by liquid-loop cooling methods involving
conduction of heat from the body appears to be capable of removing essentially
any internal heat load within the capability of man to generate, without active
sweating. Liquid-loop conduction cooling of relatively small prime heat transfer
surface areas of the body has provided heat removal rates in excess of 2000 Btu/hr
under conditions where essentially no sweating is obtained.

Liquid-cooled garment performance is correlated by a simple heat transfer
analysis that considers only the transfer coefficient on the liquid side and
the thermal resistance of the tube wall. For high heat removal rates, it is
necessary to consider the reduction in mean skin temperature, which is given
approximately by heat flow through a constant conductance (at a minimum value
of 3.3 Btu/hr-ft2-°F for full vasoconstriction) from a constant internal
temperature heat source.

Comfort design criteria have been developed for conduction cooling of the
body, based upon maintaining skin temperature within limits represented by
thresholds for onset of sweating and shivering, respectively. Conduction
cooling tends to provide constant heat removal from the body for constant skin
temperature and consequently is not subject to thermoregulatory control.
Therefore, it will be essential to provide some means of matching cooling
capacity with metabolic rate, where conduction heat transfer provides the major
mechanism for coolirng of the body.

The temperature control requirements depend to a large extent upon the
thermal control methods used with the extravehicular suit. The temperature
control used with the extravehicular suit thermal transport assembly can be
either active or passive. If active, it can be either automatic or manual.
Passive control schemes may involve use of the thermoregulatory mechanisms of
the body to maintain suitable conditions. An example of this is the conventional
suit ventilating loop where sweat rate varies to provide a thermal balance. The
suit cooling concepts involving conduction of heat from the skin will probably
raquire some type of active temperature control. Control systems based upon the
following principles are possible.

b Suit Outlet Humidity: increase in suit outlet humidity indicates
occurence of sweating and requirement for additional cooling.

o Tympanic membrane temperature: can be measured by thermocouple or
microbolometer for direct indication of cranial internal temperature.

° Skin temperature: increase in skin temperature above predetermined
temperature level (91 to 94°F) indicates onset of sweating.

° Galvanic Skin Resistance: substantial increase in skin conductivity is
observed at sweat point.

L Subjective control: manual control in response to comfort sensations.
L] Rectal or oral temperatures
° Metabolic rate: respiration rate or pulse rate can be monitored to

given an approximate indication of metabolic rate.
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Since there are major problem areas beyond the scope of the present discussion
associated with application of any of these techniques, temperature control
can be considered to be a major problem area in application of conduction
cooling methods to extravehicular suit systems

Liquid-loop cooling methods employing radiative heat transfer between
the skin and the cooled surfaces have been found to be noncompetitive with
liquid-loop systems using condution cooling of the body. For example, a
thermal transport garment design capable of removing over 2000 Btu/hr by con-
duction from the skin will remove less than 400 Btu/hr by radiation.

Cooling of the body by conduction directly through the suit wall to the
outer surface where the heat is dissipated by radiation was studied, assuming
the skin temperature to be maintained at an average value of 90°F. In the
earth orbital case analyzed in this section of the report, a net heat loss from
the suit was obtained for the proper suit spectral characteristics, although a
relatively high heat flux input might be obtained on one side of the suit
{facing the sun) while the other side/facing space) would have a correspondingly
high heat flux output. By proper selection of suit spectral characteristics
(high thermal emissivity, low solar absorptivity) the range of heat flux can
be reduced.

If it is necessary to provide an air gap between the body and the inner
wall of the suit, as it appears probable, the thermal resistance imposed by
radiation through the air gap will reduce the total heat rejection rate by
approximately 230 Btu/hr (for one set of conditions). The maximum heat rejec-
tion from the body by means of radiation from an exc.ravehicular sdgit appears
to be limited by ice formation on the inner wall to rates less than 100 Btu/hr.
It has been shown to be possible to achieve, in practice, a heat rejection rate
of 750 Btu/hr from an extravehicular suit (in an earth orbit) with a variation
of %50 Btu/hr with variation in orbital position, by proper selection of suit
spectral characteristics.

Development of an extravehicular suit assembly using purely passive thermal
control methods appears to be remote because of the complexity of man's require-
ments, the range of metabolic rates that w:.1l be obtained, and the variation
in the external environments. However, it is evident that for certain space
environments it will be possible to dissipate a considerable part of the internal
heat load by radiation as a means of reducing the size and weight of the
portable environmental control system. For example, assuming an average design
heat rejection rate of 1500 Btu/hr, approximately 50 percent of the heat sink
can be provided by radiation (in an earth orbit), thereby effecting an evap-
orant saving of 0.72 Ib/hr of operation and a fixed weight saving in equipment
of from 4 to 7 Ib. It can be concluded, therefore, that there is incentive for
use of radiation cooling of extravehicular suits in conjunction with conven-
tional liquid-loop or ventilating-gas suit cooling systems, although it appears
unlikely that it will be possible to provide a'!l of the thermal control
requirements by passive radiative methods.
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. SEETION 4

THERMAL PROCESSES, SHIRTSLEEVE ENVIRONMENT

Until recently, studies of atmosphere conditioning of spacecraft have
been concerned almost exclusively with the requirements for pressure suit
operation. In the Gemini missions, as in the previous Mercury flights,
the crew is maintained in ventilated pressure suits (unpressurized during
normal operation). The Apollo spacecraft will have provisions for removing
the pressure suits for much of the mission, although the basic environmental
control system is optimized for suit operation.

Long-duration missions require extended capability for shirtsleeve
operation. Unfortunately, some of the design criteria applicable to a
spacecraft shirtsleeve cabin are incompletely known. Ffor example, comfort
zone conditions of temperature, humidity, and ventilation rate are commonly
based on experience in the earth environment. The data obtained from such
experience may not be directly applicable to spacecraft, where the normal
gravity field is lacking and an artificial low-pressure atmosphere will be
used. In Section 2, comfort criteria are analyzed to determine design
methods applicable to space environments.

The heat transfer model to be used in the analysis of the shirtsleeve
environment consists of a vertical cylinder with an average diameter of
1.0 ft and a surface area of 19.5 ft?. The metabolic heat load is to be
dissipated by a combination of sensible and latent heat removal processes.
Sensible heat removal is represented by radiation and forced convection at
the outer surface of the clothing. It is assumed here that latent heat
transfer occurs with the evaporation of moisture on the skin with the water
vapor diffusing through the clothing with negligible resistance to be
swept away by the ventilating flow. Natural convection is neglected for
the free-space environment because of the absence of gravity, although it
is considered for the lunar surface environments. The purpose of the
analysis is to parametrically establish the effects of ventilating gas flow,
wall temperature, clothing, and atmospheric composition and pressure on heat
removal rates from the body in a shirtsleeve space cabin.

ENERGY TRANSFER ANALYSIS

Energy Balance Criterion

Body temperature and sweat rate depend upon a balance between metabolic
energy production, work output, and energy transfer to the atmosphere. Man
normally dissipates waste energy by a combination of radiation and convection
heat transfer, and evaporation mass transfer. Any deficit in the energy
balance is accompanied by heat storage in the body, which requires a change
in the average body temperature. Although heat storage up to 600 Btu can
be tolerated before physical collapse occurs (Ref. 15), it was assumed to be
zero in order to generate comfort zone predictions valid for long-duration



conditions. In addition, the energy dissipation due to human work output
was assumed to be negligible. Therefore, the heat balance which must be
satisfied for the body is

M=0Q +Q +0Q (4-1)
r C

To achieve minimum sweat rates, most body cooling must be accomplished
by sensible heat transfer with either free or forced convection. The above
heat balance must be achieved at atmospheric temperatures and velocities
consistent with the interrelated factors of skin temperature, physiology,
comfort, and minimum sweat rate discussed previously in this report.

Thermal Parameters

The factors that influence the thermal analysis are shown schematically
in Figure 4-1; the equations are developed in detail below. The geometrical
model of man shown in the figure is the same as that used by Jannsen
(Ref. 22), although in the analysis to follow the model was assumed to be
in a sitting position. The boundaries of the comfort zones were predicted
using Equation (4-1) by setting the fraction of maximum evaporative capacity,
C, equal to 0.!0, 0.25, and 0.70, and evaluating the three cooling terms
with a comfortable skin temperature of 91.4°F,

Effect of Clothing

All the sensible heat is assumed to pass through the clothing by
conduction, and the clothing heat transfer area is assumed to be equal to
the surface area of the man. Both of these assumptions are somewhat conserva-
tive, since some sensible heat transfer occurs from unclothed portions of the
body; in addition, the clothing surface area may be 40 percent greater than
that of man (Ref. 12), although probably not all of the increased area is
available for heat transfer.

The relationship between clothing surface temperature, Tc’ and skin

temperature, TS, obtained by considering a simple conduction process through

clothing of thickness, L, is as follows:

or

(4-2)

The value L/k is known as the clothing or CLO value. The reference
point for the CLO value is taken as a man in a suit with no gloves, or
light gloves, and leather footgear with light socks. This is known as | CLO
and corresponds to a value for L/k of 0.88°F-sq ft-hr/Btu. The CLO
value ranges from four for artic equipment to zero for the unclothed
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subject, A value of 0.5 CLO is often used, as it is typical of light indoor ’
clothing. Figure 4-2 shows the temperature decrease across the clothing for
different CLO values and sensible heat rates.

Radiation

Thermal radiation that normally occurs between the numerous equipments,
structures, and man is an appreciable fraction of the heat lost in most
cases. Therefore, radiation heat transfer must be considered in the heat
balance considerations for man.

The actual radiation heat transfer problem is a complex one involving
numerous thermal radiation sources at different temperatures and geometries.
The problem can be greatly simplified by theoretically collecting all equip-
ment and structures into an equivalent enclosure at a mean radiation tempera-
ture. This procedure must be followed since equipment and structure cannot
be represented parametrically. Therefore, the mathematical model used in the
following analysis is based upon a man in an enclosure at a single mean
radiation temperature. The crewman is also assumed to be at a single mean
temperature, equal to the temperature of the outer surface of the clothing.

The basic equation for radiation heat transfer between the man and the
enclosure is

_ o _ 4
e =0 ch(Tc Tw )Ar (4-3)
Values of the gray-body view factor can be calculated with the following

equation (Ref. 47):
I

ch—.!._+f_".(..'__) (4-4)
€ A \Cu

If man is in an enclosure much larger than himself, the ratio Ar/Aw is

small, and ch =€ - Therefore, Equation (4-3) generally can be written

as

s s
Q =0 A (Tc - Tw ) (4-5)

Substituting the assumed value of the radiation area (15.5 sq ft) and
the value of the Stefan-Boltzman constant, g, into Equation (4-3) yields
the final simplified radiation cooling equation for man.

- -8 4 _ 4 4-6
Q =2.65x 107" ¢ (T *-TF* (4-6) |

Figure 4-3 shows the radiation cooling rate as a function of clothing
surface and mean wall temperature.
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*Heat-Mass Transter Analogy

Latent cooling is the resultl of a mass-transfer process which occurs
when the density of water vapor at the skin surface is greater than the water-
vapor density in the atmosphere. The cooling capacity equals the rate of
water-vapor mass transfer multiplied by the heat of vaporization of water at
skin temperature. The prediction of mass transfer rates for small mass-
fraction components is greatly simplified by the use of the Heat-Mass Transfer
Analogy, as described by Eckert (Ref. 48), in conjunction with heat transfer
similarity relat ions.

A mass transfer coefficient, h,, can be defined as follows:

D

dm 3p
—_— = - - = h- { -
dt | H20 DAISx | s = hp AlPg = Pa)

H20 (4-7)

The similarity between Equation (4-7) and the corresponding heat transier
equations is obvious. Dimensional analysis of mass-transfer differential
equations reveals the dimensionless property ratio defined by Equation (4-8)
which is referred to as the Schmidt number, Sc.

B

Sc = oD (4-8)

The significance of the Schmidt number in mass transfer is similar to the
significance of the Prandtl number in heat transfer; in particular, the mass-
fraction and temperature profiles are similar when Sc = Pr (Ref. 48). Extend-
ing the analogy further, a dimensionless mass transfer coefficient, hDL/D,

can be defined by nondimensionalizing Equation (4-7) in the same way that the
dimensionless heat transfer coefficient, hL/k, was developed.

The general statement of the Heat-Mass Transfer Analogy revealed by
detailed analysis is that the solution of a mass-transfer problem can be
obtained from the equations for the corresponding heat transfer problem if
the Nusselt number, hL/k, is replaced by the dimensionless mass-transfer
coefficient hDL/D; and the Prandtl number, Cpu/k is replaced by the Schmidt

number u/pD. This law has been verified for laminar and turbulent flow over
a flat plate, through a tube, and around cylinders and spheres (Ref. 48).

Forced Convection

A fan that blows air toward a sitting man to provide adequate cooling
does not yield a simple, well-defined heat transfer geometry. Some of the
flow may be parallel to the axis of the cylinder, while the rest is perpen-
dicular; and the flow may be either laminar or turbulent. After considering
the equations which apply to each of these cases, the geometrical model that
generally covers the situations of interest most accurately will be selected.
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The value of the dimensionless Reynolds number, pVL/u, determines
whether the tlow will be laminar or turbulent in forced-convection problems.
The flow wil!l be laminar if the Reynolds number is less than approximately LE
for flow both parallel and perpendicular to a cylinder (Ref. 48). For the
velocities, characteristic lengths, and fluid properties of interest, the
Reynolds number will be less than IOS; therefore only laminar flow correlations
will be used.

Theoretical analysis of laminar flow parallel to a surface has yielded
the following experimentally verified equation, which is valid for Prandtl
numbers from 0.6 to 15.0 (Ref. 48).

0.33

0.5 o
ht. _ o.ooa(ﬂk) (—’—’-) (4-9)
k " k

The fluid properties in Equation (4~9) should be evaluated at a film
temperature equal to the average of the wall and the fluid bulk temperature.
Empirical development of dimensionless heat transfer correlations from a large
mass of data obtained with many gases and liquids in laminar flow perpendicu-
lar to a cylinder provided Equation (4-10), which is valid for Reynolds numbers
between 100 and 10,000 (Ref. 51).

I

0.33

W%
T’:-d- - o.oo(iu—-) ( : ) (4-10)

There is a distinct similarity between Equations (4-9) and (4-10); the
major difference in this case is the fact that the length of the flow path
parallel to man will generally be double the effective cylinder diameter. The
difference in the heat transfer coefficients calculated with these two equations,
however, is only 25 percent. Because flow perpendicular to man requires a lower
forced-convection velocity to provide a given amount of cooling, Equation (4-10)
was selected for further use.

The forced-convection mass transfer equation, which will be used to
estimate the latent cooling by evaporation, was obtained by making the modi-
fications to Equation (4~10) called for by the Heat-Mass Transfer Analogy,
with the following result:

b d 0.50 0.33
D .E_V_d) B
o = 0460( N 5D (4=11)

The preceding equations are applicable to any fluid, at any pressure
within the stated restrictions on Reynolds and Prandtl numbers. The develop-

ment of simplified equations for air (oxygen-nitrogen mixtures) is described
below.
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§imp|ified Forced-Convection Equations for Oxygen-Nitrogen Mixtures

Over the range of atmospheric temperatures of interest for human thermal
comfort (40°F to |OO°F), the combination of fluid transport properties that
appears in the above equations has a negligible variation for air. Inserting
the properties of air into Equation (4-10), and combining the resulting equa-
tion for the heat transfer coefficient with the pertinent information in
Figure 4-1 gives the following equation:

Q_ = 0.407 JPV (T -71) (4-12)

Since the properties of oxygen-nitrogen mixtures are approximately
independent of the fraction of each component, Equation (4-12) is applicable
to any oxygen-nitrogen mixture, for all total pressures. Figure 4~4 shows
the range of forced-convection cooling rates achievable with reasonable
velocities and temperature differences, for a total pressure of 6 psia.

A simplified equation for latent cooling is obtained in a similar way.
Eckert reports a correlation for the diffusion coefficient of water in air as
follows:

I
o 12.7 ( T ) 8 £ (4-13)
P (psia) 460 hr

Substituting Equation (4-13) and the transport properties of air into Equation
(4-11), and combining the result with the pertinent information in Figure 4-5
gives the following simplified latent cooling equation.

Q, = 2.46 C T_ Jv/p (P - P)wo0 (4-14)

Equation (4-14) applies to all oxygen-nitrogen mixtures, for all values
of pressure and relative humidity. With C = |, the results predicted by the
above equation are 15 percent higher than the maximum evaporation rates tabu-
lated by Kranz (Ref. 23) and 10 percent higher than the measurements of
Ciifford et. al. (Ref. 40). The maximum evaporat ive capacity predicted by

Equation (4-14) with C = | is presented in Figure 4-5 as a function of pressure,
velocity, and dew point; atmospheric temperature and dew point have a relatively

small effect on latent cooling for the practical range of these parameters.
These calculations indicate that latent cooling increases with decreasing
pressure, primarily because the diffusion coefficient is inversely proportional
to pressure.

The appropriate conversion factors have been incorporated in developing
Equations (4-12) and (4-14) so that the velocity can be expressed in ft per
min and the pressures in psia.
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Free Convection

Free-convection flow in a gravitational field, which occurs because of
the buoyancy forces resulting from density differences, is a preferred method
for cooling man, hecause it requires no additional power and equipment. This
mode of heat transfer is generally adequate for normal activities on earth,
and may provide adequate cooling on the moon even though the gravitational
field is only 1/6 that of earth; zero-gravity environments require forced
convection.

The dimensionless parameter which characterizes free-convection processes
is the Grashof number, Gr, which is defined as follows:

3
g L pbp
Gr = —~—_2 (A'IS)
"

For values of Gr+Pr less than 10°, the flow is laminar; this will generally
be the case in human body cooling.

Theoretical analysis of laminar free convection yields the following
experimentally verified equation, which is valid for all Prandtl numbers (Ref.
48).

ht _ 0.67 [

Pr ] 0.25 0.25
k 0.952 + Pr

(Gr * Pr) )
(4-16)

The fluid properties in Equation (4-16) should also be evaluated at an
average film temperature. Equation (4-16) applies to a vertical cylinder if
the cylinder length is used for the characteristic length, and to a horizontal
cylinder if 2.5 times the diameter is used (Ref. 48). Since the length of the
vertical cylinder for a sitting man is approximately equal to 2.5 times the
cylinder diameter, the results for free-convection cooling are essentially
independent of the body orientation.

Free convection with combined heat and mass transfer is complicated by
the effect of the water vapor on the density difference (Ref. 48). For this
case, the following equation for the density difference was derived using the
perfect gas equations.

T -7 (P -p) R
pp = p Lo @), c  aHO <__H_zg_l>

a T T R R (4-17)

Hzo a

Finally, the free-convection mas transfer equation obtainmed by modifying
Equation (4-16) is

0.25 0.25

hDL Sc : (
L _ 9. - . SR 418
0 0.67 [0'952 " Sc] (G Sc) 4 )
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The preceding equations are applicable to any fluid, at any pressure,
provided Gr-Pr and Gr-Sc are less than 10°. The development of simplified
eduat fons for an oxygen-nitrogen atmosphere is described below.

Simplified Free-Convection Equations for Oxygen-Nitrogen Mixtures

Combining Equations (4~15), (4-16), and (4-17), and the transport prop-
erties of air, with the pertinent information in Figure 4-1 gives the
following equation:

0.25
Q4 (TC -T) {ng [0.005 P(TC - Ta) + 102 (PC - Pa)HZOi} (4=19)

With comfortable conditions, (PC - Pa) H. 0 is much less than the maximum
2

value over most of the body and has a small effect on the buoyancy force. It
was therefore neglected, which simplified Equation (4-19) further to provide
the following final result for free-convection cooling in air.

2 0.25
Q - 117 Pl (T_-T)

. T -T7) (4-20)

The free-convection cooling calculated to be available on the moon is
presented in Figure 4-6 as a function of pressure and temperature difference.

Combining Equations (4-13), (4~15), (4-17), and (4-18) and the transport
properties of air, with the pertinent information in Figure 4-1 provided the
following simplified latent cooling equation:

cT 0.25
a
- L7 —= - . - l.o2(p - P 4=-21
0 = 257 2 (P - P ) {%g [o 005P(T_ - T ) + 1.02(P_ a)Hzo]:} (4-21)

The second term in the brackets was not deleted from the latent cooling
equation as it was from Equation (4-19) because, over the {0 to 25 percent of
the body area where most of the latent cooling is occurring under comfortable
conditions, this term will be close to the value given in Equation (4-21).

With C - | in Equation (4—2'), the free-convection maximum evaporative capacity
was calculated as a function of dew point and of atmospheric pressure and tem-
perature; the results are shown in Figure 4-7.

Combined Free and Forced Convection

The simplest method for treating problems of combined free and forced
convection involves the use of a rule proposed by McAdams (Ref. 52): calcu-
late both the free and forced convection heat transfer coefficients using
the appropriate equations and use the higher of the two values. The accuracy
of this approach has been found to be within 25 percent of the measured results.
In the problem of interest here, forced convection would probably be used
only under conditions where the required heat transfer rate is much greater
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than that provided by free convection. It is of interest to know, however,
the forced=convection velocity at which the forced-convection heat transfer
coefficient is equal to the free-convection heat transfer coefficient. The
following approximate equation for this critical velocity in air was developed
by setting Equations(4-12)and (4-20) equal to each other:

Ded0
Vcrit = 8.3 [g (TC - Tai] ft/min (4_22)

With a 10°F temperature difference between the clothing surface and the
atmospheric temperature, the critical velocity is 26 ft per min on earth and
10.5 ft per min on the moon.

COMFORT ZONE ANALYSIS

General

The information presented in the previous sections on physiological
characteristics, comfort criteria, and energy transfer analysis are combined
in this section to yield predictions for the boundaries of comfort zones in
an oxygen-nitrogen atmosphere as a function of gravity, forced-convection
velocity, metabolism, and atmospheric temperature and pressure. The requirec-
ments to be satisfied are: the energy balance stated in Equation (4—|); a
skin temperature between 90°F and 93%, with 91.4% being a preferred value;
and a required evaporation rate between 10 and 25 percent of the maximum
evaporative capacity for the comfortable zone, and 25 to 70 percent in the
tolerable zone. The energy transfer equations for oxygen-nitrogen mixtures
are summarized in Table 4-1.

The development of the comfort zone boundaries is straightforward for
a nude body. The added heat transfer resistance of clothing requires a
trial-and-error solution for the clothing surface temperature, using
Equation (4-2) in addition to the equations in Table 4-1. The calculation
procedure is summarized below for both free and forced convection, and results
are shown for 1/2 CLO as well as for a nude body.

Free-Convection Comfort Zones

The parameters that affect free convection are apparent from an exami=-
nation of Table 4-1. In order to present the results as compactly as possible,
some simplifying assumptions are adopted. It is assumed first that the mean
radiation temperature of the walls and equipment is equal to the atmospheric
air temperature. Also, because in practice the dew-point temperature under
long-term comfortable conditions is allowed to vary only within narrow bounds
and therefore has a small effect on maximum evaporative capacity, the water-
vapor partial pressure in the atmosphere, PaHZOJ is assumed to be constant.

The remaining variables are gravity and atmospheric pressure and temperature.
Therefore, the total free-convection cooling, which is equal to the metabolism,
can be plotted versus atmospheric temperature for various combinations for
gravity and pressure.
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The calcutlation procedure is summarized in Table 4-2 for 1ightly clothed,
earth conditions.,

TABLE 4-2

3
FREE-CONVECTION COMFORT ZONE CALCULATION PROCEDURE

C ! Mo 4 1

T T Q, Q T, Q, ( ) Q 1o "o

S— ————— 0RO 1 PN - —

C- 0.10 0.25 0.70

60 81 269 202 80.9 1192 590 7169 1306
70 84.5 191 27 84.4 F130 431 600 1109
3
p - 14.7 psia; g=1; CLO = 1/2; ¢ = 0.8 |

The trial and error solution for T_. requires an arbitrary selection of a
value for T., calculation of Qr and Q. using the equations in Table 4-1, and

then calculation of TC using Equation (4-2). When the assumed and calculated

value of T_ agree, the calculation proceeds as shown in Table 4-2.

Free-convection comfort zones were predicted for the gravity and atmos-
pheric pressure existing on earth; the results are shown in Figures 4-8 and
4=-9 for nude and 1/2 CLO conditions, respectively. The results shown in
Figure 4-9 were calculated with clothing and dew point values corresponding
to those used in developing the comfort zone boundaries shown in the ASHRAE
Comfort Chart presented as Figure 2-4. The seated, at-rest activity used to
develop Figure 2-4 corresponds to a metabolism of approximately 400 Btu/hr.
The circles shown on Figure 4-9 at a metabolism of 400 Btu/hr represent the
ASHRAE data. The agreement with the prediction is significant; the slightly
cool and slightly warm temperatures, which would define the boundaries of the
comfortable range, are within 1°F of the predicted values. The comfortable
temperature is in the middle of the comfortable zone, and the warm tempera-
ture is 5°F greater than the upper limit for the comfortable zone. The
excellent agreement between the comfort zone predictions presented in Figure
4-9, which is based upon the general analysis described above, and the ASHRAE
data provides considerable confidence in the validity of the correlations and
me thods used.

Comfort zone predictions were also made for a lunar gravity of 1/6 earth
gravity, and a pressure of 6 psia, which is contemplated for some lunar

shelters, with the results shown in Figures 4-10 and 4-11. Free-convection
comfort zone predictions, similar to those shown, can be made for any set of
conditions and can be used to determine if free convection will provide com-

fortable conditions, and the atmospheric temperature required for the meta-
holisms that will exist.

4-18




| 2000

\\ AIR

NUDE

g:l

P = 14.7 PSIA
DEW POINT = 55°F

1500 TS = 91.4°F —
T =7
w a
\ e =1.0
‘\\\ HOT
&
) \

1000 \Y

M, BTU/HR
&

)
‘\Q
40395
3
/1 AN

C = 0.70

500 \\\

‘\\\: -~ 0.25

c =0.10

0 40 50 60 70 80 90 100

T, °F
a

Figure 4-8. Earth Free-Convection Comfort Zones




4-20

M, BTU/HR

200¢
| AIR i
200 1/2 CLO
g =
P=14.7 PSIA
DEW POINT = 55°F
T = 91.4°F
\ S
T =T 4
w a
€ = 0.8
1000} \\\\\
\\\\ HOT
< TOLERABLE
¢
0/'/'00 \
$°)
529
\‘\\\\ \\\\\& C = 0.70
500 \ \
o o
coLD
N
C = 0.25
C-=0.10
0 1
40 60 70 80 90 100

Figure 4-9, Earth F-ee_-Convection Comfort Zones




2000

AIR
NUDE

g=1/6
P =6 PSIA

DEW POINT = S0°F |

T = 91.49F
S
T =7
w a
\\\\ e = 1.0
1500

HOT

AN

%
xz TOLERABLE
2 1000
[: ]
-
C = 0.70
N\ \, .
c
%
%,
R/
\\\ 4° \\
500
coLD
\\\\\ C =0.25
‘\\\\ C =0.10
0
0 %40 50 60 70 80 20 100
T, °%F

Figure 4-10. Lunar Free-Convection Comfort Zones

4-21



2000

1500
o
T
2

= 1000
-

500

0

4-22

AIR
/2 CLO
g = |/6 ]
P=6 PSIA
DEW POINT = 50°F
T = 91.4°F
S
T =T
w a
e = 0.8 I
\\\\\TOT
AN
b C = 0.70
TOLERABLE
N
C
N 2
4
e N
C = 0.25
coLD
N,
‘\\\\\\“ C=0.10
40 50 60 70 80 90 100
T..°F
a
Figure 4-11. Lunar Free-Convection Comfort Zones




forced-Convection Comfort Zones

Velocity is an important parameter in forced-convection cooling problems,
in addition to all the parameters that affect free convection. It is there-
fore impossible to present the forced-convection comfort zone information in
as compact a way as was possible with free convection. The same simplifying
assumptions about wall temperature and dew point are useful, but a separate
figure showing the comfort zone boundaries as a function of velocity and
atmospheric temperature must be prepared for each metabolism and atmospheric
pressure.

The first step in the preparation of forced-convection comfort zones is
to insert Equations (4-6), (4-12), and (4-14) into Equation (4-1) and to solve
for the velocity; this provides the following result:

-8 4 4
M- 2.65x 107 ¢ (T -7 %)

V= T (4-23)

) T ) + 2.4 2(p-p
0.407 /F (TC a) 6 7F ( < a)HzO

The calculation for a nude body is straightforward, as T_ is egual to
the skin temperature. Then, for each combination of metabolism and atmos-
pheric pressure, Equation (4-23) can be solved for velocity as a function of
atmospheric temperature, while C takes on the comfort zone boundary values of
0.10, 0.25, and 0.70. The results of this calculation for a pressure of 4.7
psia and a metabolism of 500 Btu/hr is shown in Figure 4-12,

The trial-and-error calculation required to establish clothed, forced-
convection comfort zones is illustrated in Table 4-3.

TABLE 4-3

FORCED CONVECTION COMFORT ZONE CALCULATION PROCEDURE*

T T M-

s c Q Q QCA/V' 0.1 QL/JV' v Q. T
60 | 82 276 | 224 34.3 18.4 18.1 146 82
70 | 83.5 178 | 322 21 18.8 65 170 83.7

#
M =500; CLO = 1/2; ¢ = 0.8; P = 14.7 psia; € = 0.10

c
value of clothing temperature, the radiation cooling and velocity is calcu-

lated; and with the calculated velocity value, QC is calculated. The clothing

For each value of C and T, a value of T_ is assumed. With the assumed

surface temperature is then calculated using the calculated values of Q. and
Q, in Equation (4=2). When the assumed and calculated value of T. agree, one
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point has been established. The results of this calculation for the conditions
given in Table 4-3 are shown in Figure 4-13, Figures 4-14 through 4-17 were
prepared to show the effect of metabolism and clothing on forced-convection
comfort zones for a pressure typical of those recommended for various long-
term, shirtsleeve-environment space missions. Increases in both metabolism
and clothing tend to increase the velocity required at a given temperature and
broaden the comfortable zone.

DISCUSSION AND CONCLUSION

While the equations, criteria, and calculation procedures described above
provided predictions that were in substantial agreement with empirical infor-
mation, in some cases it may be necessary to refine the analysis to eliminate
scme of the simplifying assumptions and uncertainties. Ffor this reason a
brief discussion of some of these details is presented below.

The comfort zone charts were prepared assuming a constant skin tempera-
ture of 91.4°F. Skin temperatures between 90°F and 93°F are comfortable,
however, and values as high as 95°F tolerable. It is possible, therefore,
that a skin temperature of 90°F should be used to evaluate the lower boundary
of the comfortable zone at 10 percent of maximum evaporative capacity, while
values of 93°F and 95°F should be used to evaluate the boundaries at 25 and
70 percent of maximum evaporative capacity, respectively. This would have the
effect of broadening both the comfortable and tolerable zones. While the
results of F.:nestock, et al., (Ref. 5) indicate that this may be a better
approach, additional comfort data are required before a final decision can be
made.

The assumption that the mean radiation temperature of the walls and
equipment is approximately equal to the atmospheric gas temperature is very
useful for general parametric studies, but may be seriously in error. It
will, therefore, be necessary in many cases to perform a more rigorous radia-
tion heat transfer analysis once the enclosure geometry and temperature
distribution have been established in some detail.

The effect of clothing was greatly simplified; the heat transfer resis-
tance of the clothing was assumed to be uniform over the entire body, and the
heat transfer area and the evaporative cooling capacity were assumed to be
unaffected by the presence of clothing. It is difficult to improve upon these
assumptions due to the lack of detailed information about clothing heat trans-
fer resistance and area. Also, until these assumptions.are shown to cause
significant error in the results there is little motivation to improve them.
However, these clothing assumptions should be considered for each case to
determine if the rationale used to justify their use is valid.

The regional variation in body temperature, heat rejection, and sweat
rate shown in Figure 2-3 was used to justify some of the assumptions in the
analysis, but was not directly applied in detail. Once again, until it has
been shown that using a uniform skin temperature leads to a significant error
in the results, there is little justification for analyzing the body as a
number of separate regions.
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. Average heat and mass transfer coefficients were used to calculate the
cooling rates. In fact, there may be substantial variation of these coeffi-
cients with position (Ref. 53). The discussion of this feature in the
referenced paper may, therefore, be of interest.

It was assumed that the maximum water-vapor partial pressure on the skin
is equal to the saturation pressure of water corresponding to the skin tem-
perature. Due to the presence of oils and salts in sweat, however, the actual
maximum water-vapor partial pressure may be only 90 percent of the saturation
pressure (Ref. 54). The value of this uncertainty is consistent with those of
the other simplifying assumptions.

In much previous work, the importance of relative humidity has been
exaggerated. The latest ASHRAE data, which are presented in Figure 2-4, shows
a much smaller effect. This is in agreement with results predicted by the
equations contained in this report. which show that relative humidity becomes
important only at relatively high atmospheric temperatures, where the atmos-
pheric water-vapor partial pressure can become a significant fraction of the
water-vapor saturation pressure corresponding to skin temperature.

Latent cooling by evaporation has a minimum value due to respiratory
water loss and diffusion of water vapor through the skin; the latter provides
much the larger contribution. The comfort criterion adopted states that this
minimum value is 10 percent of the maximum evaporation rate (Ref. 25). While
this may have been true for the test conditions under which the comfort cri-
terion was developed, the general validity of this statement is questionable;
this is because respiratory water loss is primarily a function of metabolism,
and diffusion of water through the skin would be much more independent of
atmospheric conditions than maximum evaporation rate. Additional testing is
therefore recommended to determine the important relation for the minimum
quantity of latent cooling.

The heat and mass transfer analysis described above assumed a constant
value for the temperature and water vapor content of the air flowing by the
body. In fact, the temperature will tend to increase due to convective heat
transfer and the water content due to evaporative cooling. Approximate esti-
mates of the magnitude of these effects have shown that, in general, they
cause less than a 10 percent decrease in cooling. For example, the air tem-
perature rise associated with 100 Btu/hr of convective cooling in a 6 psia
atmosphere, assuming an air velocity of 40 ft/min intercepts a body cross-
sectional area of 3 sq ft, is only 2°F. Similar estimates can be made in any
particular case to determine if the uniform temperature and water content
assumption is justified.

The equations given in Table 4-1, which were used to develop the comfort
zones presented in Figures 4-10 to 4-17, apply only to oxygen=-nitrogen
atmospheres. While this is the conventional atmosphere for man, others (for
example, oxygen-helium) are being considered for some space missions. The

4-31



development of the comfort zones for these unconventional atmospheres proceeds
in the same way as for air. However, it will be necessary to develop a
separate set of simplified equations by inserting the fluid properties for
each composition into the general energy transfer equations presented in this
report.

The general approach described in this report for predicting conditions
for human comfort accounts for the interrelated factors of physiology, com-
fort, and energy transfer. The approach appears to be valid, based upon
comparison with limited experimental data, even though many simplifying
assumptions were incorporated in the analysis. Final confirmation of the
general validity of this approach requires additional comfort data at reduced
pressure and more than one metabolism.
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SECTION 5

EXTRAVEHICULAR SUIT HEAT BALANCES

INTRODUCTION

Results of some of the earth-orbital extravehicular suit heat balance
studies were presented in Section 3 of this report to illustrate the effects
of two different radiative suit cooling concepts. Both of these involved
radiation from the outer surface of the suit as the primary means of cooling.
The difference between the two concepts is that in one method, the body is
cooled by conduction through the suit wall, and in the other method, the
body is cooled by radiation to the inner wall of the suit through an air gap.

Environmental Parameters

This section of the report is devoted to a more extensive discussion of
computation methods and presentation of results applicable to environments
other than earth-orbital. Extravehicular heat balance studies have been
made for the following environments:

Earth orbit, 160 nm, in proximity to spacecraft and remote from
spacecraft

Lunar orbit, 50 nm, in proximity to spacecraft and remote from
spacecraft

Mars orbit, 600 nm, in proximity to spacecraft and remote from
spacecraft

Lunar planes
Lunar craters, 20-degree wall (from normal)
Mars surface

For purposes of discussion and description, the environments can be
classified as planetary orbital, lunar surface, lunar craters, and Mars sur-
face. Table 5-1 lists some of the relevant thermal parameters for the extra-
vehicular heat balances.

Earth and Mars thermal radiation fluxes for orbital heat balances were
calculated from planetary heat balances. Thus, the average thermal radiation
flux for earth and Mars orbits is 25 percent of the solar constant. For com-
putation of the planetary thermal heat flux in a lunar orbit, it was necessary
to consider the surface temperature variation with position, which is given
approximately by the cosine law.
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TABLE 5-1

PLANETARY THERMAL PARAMETERS

Planet
Earth Moon Mars
Radius, nm 3441 938 1799
Albedo 0.35 0.07 0.15
Solar constant, Btu/hr-ft? 443 443 190.5

Extravehicular Suit Thermal Parameters

The man in a pressurized extravehicular suit was assumed to have an
effective surface area for radiant interchange of 21.8 ft? in the form of a
cylinder 13.2 in. in diameter and 69.1 in. long. The spectral characteristics
of the outer surface of the suit were varied over the range shown in Table 5-2
to demonstrate the effect of these parameters.

TABLE 5-2

ASSUMED SUIT SPECTRAL CHARACTERISTICS

Surface Type Solar Thermal Typical
YP Absorptivity Emissivity Material
Reflective 0.10 0.05 Aluminized mylar
Suit material 0.32 0.56 Gemini suit
Spectrally 0.20 0.80 Nylon, dacron
selective

It is believed that this range of spectral properties will adequately cover
the performance that can be anticipated.

Figure 5-1 shows a typical wall construction for fabric suits. In order
to make the study as realistic as possible, a composite thermal conductivity
of 0.02 Btu/hr-ft?F was used with a composite wall thickness of 0.35 in.
This performance is representative of state-of-the-art (Gemini) pressure
suits. In severe thermal environments, such as that on the lunar surface,
the addition of an outer thermal garment using "superinsulation" (multiple
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layers of aluminized mylar) with an effective thermal conductivity of 5 x 10-%
Btu/hr- ft2F was assumed. The implication of meteoroid protection provisions
on system thermal design were not considered.

In the extravehicular suit heat balances discussed in this section of the
report, the extravehicular suit is assumed to have ventilating gas gap between
the suit inner wall and the body. The effect of the ventilating gas velocity
on heat transfer was neglected; it was assumed that the predominant heat
transfer process between the suit and the body was radiation from a mean skin
temperature of 90°F,

Heat Balance Computation Methods

In determination of the extravehicular heat balances, the effective sink
temperature is an important parameter that characterizes the external thermal
environment and a surface in that environment. The effective sink tempera-
ture represents the equilibrium temperature of a surface with no heat trans-
mission other than by radiant interchange with the surroundings. The effective
sink temperature is calculated from an energy balance that considers the energy
flux represented by the radiant source (Qx), the absorptivity of the surface

to that radiation (ab ), and the view factor of the surface to the source of
radiation (F ): X
X
4
= -1
SHCH Tes X Qx @ Fx (5-1)

Because of the complexity of the view factor equations for the cases treated
in the present study program, detailed listing of the heat balance relation-
ships will not be given here. Rather, reference is made to the three computer
program tabulations contained in the appendixes. The discussion in this
section of the report will be concerned primarily with results of the computer
studies and with the assumptions forming the basis for the analysis.

The extravehicular suit heat balance computations were made on the basis
of attainment of equilibrium conditions. Thermal inertia will tend to reduce
some of the peaks and valleys shown in the temperature and heat flux distri-
butions. Since the study was intended to be of a parametric nature with
extravehicular suits of an undefined design, this approach should be valid
in establishing the scope of the problem. In the performance analysis of
extravehicular systems for specific missions, the extravehicular assembly
design, the spacecraft thermal parameters, and the mission parameters should
be defined in sufficient detail to permit a transient-state analysis.

PLANET ORBITAL

Figure 5-2 shows the geometry assumed in the orbital extravehicular
studies. The computer program developed for this study, tabulated in
Appendix A for reference, is applicable to a man in an extravehicular suit
with arbitrary surface properties and insulating characteristics in variable
proximity to a spacecraft of arbitrary diameter, internal heat generation,
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and surface characteristics. The orbit height and inclination, vehicle
anomaly, planet diameter and albedo, and solar constant are all variable.
The computer program assumes circular orbits and spherical spacecraft.

Table 5-3 shows a typical tabulation for an earth-orbital extravehicular
heat balance. In this case, the orbital plane was inclined at a 45-degree
angle relative to solar radiation. For convenience in the heat balance studies,
the orbital plane was referenced at an angle () relative to solar radiation.
Since in an actual orbit this angle will be continually changing, the data
presented do not represent orbital histories but give the variation that can
be anticipated with varying orbital parameters.

Earth Orbit

Figures 5-3, 5-4, and 5-5 present the effective sink temperatures
obtained by extravehicular suits in 160-nm earth orbits. Figures 5-3 and
5-4 are applicable to a suit with a spectrally selective surface coating
(eb - 0.80 and @ = 0.20) and Figure 5-5 is applicable to a suit with a
reflective coating (eb = 0,05 and ¥ = 0.10). Figure 5-4 demonstrates the
effect obtained when the extravehicular suit moves away from the spacecraft
to a distance where the thermal inputs frcm the spacecraft to the suit are
negligible. As might be expected, the result of this is an increase in the
temperature gradient obtained around the body.

As previously mentioned, the effective sink temperature parameter
represents the equilibrium suit surface temperature with no heat conduction
through the suit wall. Heat conduction will drastically modify the surface
temperature distribution. This is illustrated by Figure 3-22 for a typical
earth-orbital case.

Lunar Orbit

Because of the lack of atmosphere on the moon, the lunar surface
temperature varies greatly with position of the sun relative to the surface.
Therefore, in the lunar orbital heat balances, variation in the thermal
radiation with orbital position was taken into account. Figures 5-6, 5-7,
and 5-8 show the effective sink temperature for extravehicular suits in
50-nm ltunar orbits. Figures 5-6 and 5-7 are applicable to suits with spec-

trally setective surfaces (eb = 0.80 and @ = 0.20); Figure 5-8 gives the

effective sink temperature obtained with a reflective surface (eb = 0.05 and

a = 0.10). As can be deduced from these curves, the lunar orbital mission

vehicle has a relatively low-temperature environment relative to an earth
orbit.
Mars Orbit

A Mars orbit will provide a relatively low-temperature environment
because of the reduced solar constant obtained in the vicinity of Mars.
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Table 5-4 shows typical heat balances for a 600-nm Mars orbit. Figure 5-9
shows the suit surface temperature distribution for no heat conduction through
the suit wall (with and without the vehicle) and with heat leak through the

suit wall. The temperature gradient is substantially eliminated for the

rather high to 1 heat leak of -765 Btu/hr. As shown in Figure 5-10, the

suit heat leak remains relatively high with variation in the orbital parameters.
This is partly attributable to the assumed 600-nm Mars orbit, which is repre-
sentative of present mission profiles for Mars missions.

LUNAR CRATERS

The computer program for the lunar crater environment (given in Appendix C),

developed during this study for extravehicular suit thermal analysis, takes

into account the temperature distribution obtained in the vicinity of a lunar
crater wall. Figure 5-11 shows the geometry used in the heat balance analysis.
The intensity of the thermal environment near lunar walls results from both

an increase in the temperature of the base floor and the additional thermal
radiation generated by the crater wall itself. Figure 5-12 shows the crater
bottom temperature as a function of solar angle and distance from the wall.

Table 5-5 gives a typical heat balance computation for a solar angle of
40 degrees and a crater wall slope of 20 degrees (relative to the normal).
A wall height of 14,000 ft and a slope of 20 degrees have been indicated by
Correale and Guy (Ref. 33) as providing the most severe thermal lunar environment.
The 40-degree solar angle has been found to provide the highest heat leak in the
present studies. Table 5-5 gives the heat flux and temperature distributions as
a function of thermal insulation thickness and distance from the crater wall.

Figure 5-13 shows the heat leak into the suit as a function of distance
from the crater wall and solar angle for an insulating garment thickness of
0.1 in. It will be observed that the highest heat leak is obtained at a solar
angle of 40 degrees for distances from the crater wall up to 4000 ft. This
max imum heat leak at a 40-degree solar angle is also shown in Figure 5-14,
which gives the heat leak into the suit as a function of the insulation
thickness.

Figure 5-15 shows the effect of using a reflective outer surface on the
extravehicular suit heat leak in the lunar crater thermal environment. Two
results can be noted. One is the reduction in the peak heat leak with no
thermal garment. The second is the displacement of the peak heat leak from
a solar angle of 40 degrees with the previous surface characteristics to an
angle of approximately 50 degrees. For the case of a O.l-in.-thick thermal
garment, however, the heat leak does not appear to be highly dependent upon
the surface spectral characteristics. Figure 5-16 gives the heat leak as a
function of thermal garment insulation thickness, illustrating the rapidly
diminishing return with respect to performance improvement obtained after a
heat leak into the suit of approximately 150 Btu/hr is reached.
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LUNAR PLANES .

Most of the lunar surface in the initial exploration areas will be
represented by relatively flat planes. The computer program developed for
the ifunar plane surface environment is given in Appendix B. As indicated
previously, these areas will be significantly less severe from the standpoint
of the thermal environment. Figure 5-17 gives the lunar surface temperature
for these areas as a function of solar angle. The surface temperature is
shown as dropping to zero with sunset. Actually, the surface temperature
starts at exponential decay from about 250°R at sunset to about I90°R at sun-
cise. The lunar surface temperature shown here is based upon heat balances
for the lunar surface. Also shown in Figure 5-17 are the average effective
sink temperatures for vertical cylindrical surfaces for the two surface
characteristics.

Figure 5-18 shows the suit heat leak as a function of solar angle and
insulation thickness. A maximum heat leak into the suit is obtained at a
solar angle of approximately 20 degrees. At sunset, there will be a signifi-
cant heat loss from the suit. Approximately O.!-in. thickness for the insu-
lating garment will keep the heat leak from the suit at or below 130 Btu/hr.
In the previous analysis of the lunar crater thermal environment, it was
determined that approximately the same amount of insulation would keep the
heat leak into the suit from exceeding approximately 150 Btu/hr.

As shown in Figure 5-19, if the surface characteristics of the suit are
changed to those obtained for reflective materials, a net heat leak into the
suit is obtained for all solar angles during the lunar day. It will also be
noted that for insulation thicknesses of more than about 0.02 in., a somewhat
higher heat leak will be obtained with the reflective suit surface, although
the difference will not be large.

MARS SURFACE

The Mars surface environment will be cold in comparison with that of the
lunar surface. Figure 5-20 shows the extravehicular suit heat leak on the
Mars surface. Under all conditions, a net heat loss from the suit is indicated.
Other computations show that if the suit surface is changed to a reflective
material (ab = 0.10 and € = 0.05), a negligible net thermal interchange is

obtained during the Mars day. The analysis performed here used the lunar

piane computer program (Appendix B) and neglects the effects due to forced or natura
convection in the Mars atmosphere. There is reason for belief that high wind
velocities are characteristic of the Mars surface (Ref. 38). Figure 5-21 gives the
extravehicular suit heat loss rates for the Mars surface environments computed by
Fejer and Seale (Ref. 38).
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DISCUSSION AND CONCLUSIONS

In planetary orbital environments there is a tendency toward heat loss
from extravehicular suits. It has been found that the situations in which
there will be a net heat input into the suit from the external environment
wiil be relatively few, although there may be a significant heat flux
gradient between the hot and cold parts of the suit. This conclusion has
been verified by the experimental work cited by Freedman (Ref. 40) for the
Gemini suit in a space simulator. The magnitude of the heat loss from
extravehicular suits in planetary orbits can be controlled by thermal insu-
lation or by selection of materials with suitable surface spectral properties.
It can be concluded that the radiative suit cooling schemes considered in
Section 3 could be applied to orbital environments about earth, the moon,
and Mars.

The thermal environments obtained on the lunar surface will tend to
provide a net heat input into an extravehicular suit during the day. Use
of a 0.1-in. layer of superinsulation should maintain the heat leak into the
suit below 150 Btu/hr (in a lunar crater) or below 100 Btu/hr (on the lunar
planes). It appears that the extravehicular suit spectral characteristics
will be less important for the lunar environment than for the planetary
orbital environments because of the insulation requirement resulting from
the high thermal radiation flux (from the hot lunar surface), which reaches
a peak intensity on the order of 435 Btu/hr-ft?. Under the most severe
thermal conditions, the view factor of the extravehicular suit to solar
radiation will be relatively low. Therefore, the solar absorptivity will
have relatively little effect upon the heat balance. For the case of thermal
emicsivity, there will be two counterbalancing effects, one associated with
surface temperature (and the consequent heat conduction through the suit),
and a second involving heat flux. For example, although high equilibrium
surface temperatures are obtained with low-emissivity surfaces, because of

the reduced heat flux, there will tend to be less heat conduction into the
suit. Therefore, low-emissivity materials will tend to be favored for
lunar extravehicular suits, although the overall differences will not be great.

The analysis of the Mars surface environment uses a computer program
developed for lunar extravehicular heat balances and neglects atmospheric
effects. Since the Martian atmosphere will undoubtedly affect the surface
temperature and atmospheric convection will probably be an important factor
in the extravehicular suit heat balance, the results given by these computations
for the Mars surface environment are at best approximate.
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- SECTION 6

CONCLUSIONS

SHIRTSLEEVE ENVIRONMENT

Comfort Criteria

Design criteria applicable to the problem of providing comfort conditions
in spacecraft cabins have been developed and correlated with established
comfort criteria for normal terrestial environments. This comfort correlation
is based upon maintenance of skin temperatures and latent cooling rates within
specified limits, and considers the effects due to atmospheric pressure,
gravity, ventilating gas flow, atmospheric temperature, water vapor partial
pressure, atmospheric composition, and mean radiant (wall) temperature.

Reduced Gravity

In a zero-gravity space cabin, it will be necessary to provide a minimum
ventilating gas velocity of approximately 20 ft/min to replace natural con-
vection. In the lunar shelter environment, natural convection will provide
adequate cooling of the body without ventilating other than that required for
thermal and atmospheric control. The comfort zone for a sedentary subject in
light clothing (1/2 CLO) in a normal terrestial environment is between
environmental temperatures of 72 and 82°F, with the optimum near 77°F. The
comparable comfort zone for a 6.0 psia lunar cabin will fall between 69 and
84°F, with the optimum near 74°F.

Atmospheric Pressure

The effect of decreasing the design atmospheric pressure is to reduce the
sensible heat transfer and increase the latent cooling capacity (because of
the increase in mass transfer coefficient resulting from the increased diffu-
sivity of water vapor in air with decrease in pressure). Where minimum sweat
rates are required, the effect of reduced pressure is to reduce the design
environmental temperature by approximately 3°F. If increased sweat rates
(well within the comfort and physiological limits) can be permitted, the effect
is to allow an increase of approximately 2°F in comfort zone.

Humidi ty

The heat transfer studies conducted under this program have shown, in
agreement with the latest ASHRAE findings, that the comfort zone is relatively
independent of humidity over a relatively wide range of conditions.

EXTRAVEHICULAR SUITS

Metabolic Rates

It will be necessary to design for metabolic rates on the order of
2000 Btu/hr for walking on the lunar surface in a pressurized suit at relatively



low speeds (under 1.2 mph). For free-space extraveric.lar excurs:ons, the
design average level for metabolic output may be substantial'y lower because

of the less sustained and less strenuous nature of the tasks to be per formed,
although it will probably be essential! to have a high peak capability comparable
to the lunar surface systems. The effect of reduced gravity on metabolic rate
for performance of various tasks {(including walkirg on the lunar surface) i1s
somewhat speculative at the present time, since contradic*ory data have bcen
obtained by different investigators. There is perhaps slightly more ewidence

to indicate a moderate increase {(up to 30 percent; ir metabolic rate in reduced
gravity environments.

A portion of the high metabolic rates obtaired :n pressurized suit tests
is a result of the q,o effect (the spontaneous increase in metabolism due to
increased internal temperature) produced by inadequate coolirg. Therefore, it
appears that with adequate cooling, provided bv conduction cooling of the body,
for example, the metabolic rates required for workinrg 'n pressurized suits may
be 20 to 30 percent lower than those obtained in vent:lated suit tests.

Ventilation Cooling

Ventilation cooling will provide a maximum heat removal! rate on the order
of 1300 Btu/hr. Most of this cooling capacity will be obtaired by evaporation
of sweat. The resulting high sweat rates and body temperatures represept an
undesirable physiological stress. However, ventilatior cooling offers an
advantage over other methods in utilizing the thermorequltatory mecharism of the
body to provide thermal controtl.

Liquid-Loop Cooling

The superiority of liquid-loop cooling over vertilation cooling uf extra-
vehicular suits for high metabolic rates has been wel} established. heat
removal rates in excess of 2500 Btu/hr appear to be feasible ard practical
where the body is cooled by conduction to the coolant tubes Cooling of the
body by radiation from the skin to the coolant tubes does rot appear to be
competitive with conduction cooling of the body from the heat trarsfer
efficiency standpoint. However, since conduct:or cooling essentially bypasses
the body's thermoregulatory controls and tends to provide constant heat removal
rates (with constant coolant flow and temperature;, it will be recessary to
provide thermal controls that match system cooling capacirty with the metabolic
output. Development of suitable control methods <an be cors:dered to be a key
problem area.

Conduction Cooling Comfort Criteria

Design methods for human comfort have been established for conduction
cooling of the body. This comfort zone is based upor mairraining skin temper-
ature between an upper limit for active sweating and a lower I'm.t for the
onset of shivering. The dependence of this zone or metabolic rate has been
determined.
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Rédiative Cooling

By proper selection of surface spectral characteristics and suit wall
thermal conductivity, in free-space environments '+ is possible to dissipate
much of the metabolic waste heat by radiation from the suit outer surface,
without excessively wide excursions in heat reiectior rate with different
external environmental conditions. Tt appears possible to hold the difference
between maximum and minimum heat rejection to within #50 Btu/hr, or a total
spread of 100 Btu/hr, for radiative heat rejection rates up to 750 Btu/hr.

It is concluded that, because of the compiexity of man's environmental
requirements and the anticipated range of variation in metabolic output and
external thermal environment, use of passive radiative thermal control methods
to extravehicular suits is unlikely. However, there are significant incentives
for employing radiation cooling to provide part of the required heat rejection
(in comjunction with a conventional ventilating gas or liquid cooling system),
as a means of reducing the size and weight of portable environmental control
systems.

Planetary Orbital Environments

In earth, lunar, and Mars orbits, the extravehicular suit heat balances
tend to result in net heat losses. The spectral! characteristics of the outer
surface of the suit will be important in determinirg the magnitude and
excursions of the extravehicular suit heat balance. vhere it is desired to
use radiation from the suit to aid thermal contro!, an outer surface coating
that provides high thermal emissivity = 0.9, and a low solar absorptivity
(< 0.10) is desired. Where minimum heat leak by radiation from the suit is
desired, both thermal emissivity and solar absorptivity should be low.

Lunar Surface Environments

The day-time lunar surface thermal enyironments tend to provide heat input
into an extravehicular suit. By use of a thermal insulating coverall with
0.1-in. layer of multiple-layer insulation, the maximum heat leak into the suit
can be reduced to under 100 Btu/hr for lunar planes and to under 150 Btu/hr for
lunar craters. The spectral characteristics of the outer suit surface were found
to be less important for the lunar surface envirorments than free-space environ-
ments because of the predominant effect of thermal radiation from the lunar
surfaces during the day.



. SECTION 7

RECOMMENDATIONS FOR FUTURE WORK

SHIRTSLEEVES ENVIRONMENT COMFORT CRITERIA

Inadequate attention has been given the problem of providing man with a
thermally adequate and subjectivelv comfortable environment in space cabins.
Because of the different relationships that will be obtained for the various
heat transfer processes in space cabin environments, conventional comfort
criteria used for the design of terrestial air conditioning systems may not be
applicable. In the present study, comfort criteria were deve loped which were
based upon maintenance of skin temperatures and latent cooling rates at levels
compatible with human comfort for varying atmospheric pressure, gravity,
ventilating gas flow, atmospheric gas temperature, mean radiant temperature,
and atmospheric composition. A good correlation was obtained between the
ASHRAE comfort zone for a normal terrestial environment and the general comfort
criteria established by the study. However, this represents a single point
and additional verification by comfort tests at varying pressure, composition,
and ventilating rate are highly desirable. The test conditions should simulate
those to be encountered in space cabins as closely as possible with respect to
subject selection, clothing, ventilating flow arrangements, and crew duty
stations. By firmly establishing the thermal design criteria for space cabins,
it will be possible to provide an acceptable environment consistent with the
objectives of minimum equipment weight and power consumption.

HUMAN THERMAL ANALOG

Development of a general human thermal analog would permit the designer of
space environmental control systems to predict the response of the human body
in alien environments. A number of specialized thermal analogs have been
created for special cases, such as those obtained in exposure to cold environ-
ments (see, for example, Ref. 46, 47, 49, However, a more general treatment
is required that permits consideration of high metabolic rates, both hot and
cold environments, and varying pathways for heat dissipation. Development of
this analog will involve consideration of both the physiological and the heat
transfer processes associated with body thermal control.

CONDUCTION COOLING OF THE HUMAN BODY

The advantages of conduction cooling of the human body have been established
by the study. Improvements in conduction cooling methods appear to be possible
and should be studied. One possibility involves a partial coverage cooling
garment design (shown schematically in Figure 7-1). A cooling garment of this
type would appear to be suited for extravehicular missions characterized by
moderate metabolic rates or with extravehicular thermal systems using a com-
bination of liquid-loop and radiative cooling. Another possible improvement
in thermal garment design, shown in Figure 7-2, involves tubing design for
improved mobility and heat transfer contact area characteristics.
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Figure 7-1. Partial Coverage

Figure 7-2. Improved Mobility
Design

Design

LOCAL BODY COOLING

Tests conducted by Wortz, et al. (Ref. 36, 37) indicate that subjective
comfort may be obtaired with limited area coverage of the body. The possibility
of providing all of the required heat dissipation by cooling a limited area of
the body should be investigated experimentally. From the conduction cooling
data obtained and aralyzed during tke present study program, it appears that
only a small skin area is actually in contact with the coolant tubes. The skin
functioned to some extent as an extended surface or fin to the prime surface
presented by the coolart rubes. The improvement in heat removal rate to be

gained by increased prime surface area should be determined to provide data
for optimizing the conduction cooling method.
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Appendix A

Computer Program for Extravehicular Heat Balance
for Planetary Orbital Environments
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JOB H1440 SeHe LIN 1-110617-01-0J00
ORBITAL RADIAN T FLUX A ROGRAM FOR MAN 1
SPACE.

DIMENSION COS(26)9SIN(26)sCENIZ26)sCVN(26)

DIMENSION XWDIE200) o XWI200) «EMITVI200) sHEADNG(16)

DIMENSTON PHID (261 9f ERI26) 9EVEL2614CPSTI261s5PCII26)2AHEBI26)9AFVE
1{26)

COMMON XIDsBB BBV sBBXsWWsLNT s KW3sXW4 8 YW3 ¢ YW4 9 AW 9 ZW4 0 XD

COMMON SeALBEDOsNCASE s XWD s XWINWIEMITV s TMINSDTEMP »EMsNPAGE « HEADNG
COMMON HCDoHSDeFEVeCV]1eCV2+CV3 eDQVIAEV

COMMON AFBsXDEL oNSeNSToNS? s DHIDsCPST o SPCTsFEBSFVRBSAFEBWAFVBLCB1 (B

T HEA

13000 ARFASASTIDE o A N TRI«OINIV G STIDE TKoFNDKGENDIKSE S

READ INPUT TAPE 4144115 4KMAX

DO 99 K=14KMAX

READ PROBLEM HEADING (ONE DATA CARD} e

READ INPUT TAPE 4144105+HEADNG

FORMAT {16A5)

ORBIT PLANE INCLINATIONSDEGREES (XID) e

ANGLE BETWEEN BODY AXIS AND BODY POSITION VECTORDEGREES (XDELD)Y e
ANGLE BETWEEN BODY-CRAFT VECOTR AND BODY POSITION VECTORDEGREES {
XDD) o

RV=RADIUS OF SPHERICAL SPACFCRAFT (FEET)e

HV=DISTANCE FROM BODY TO SPACECRAFT SURFACE (FEET).

OV=INTERNAL HEAT 1OAD (HTU/HR) INSIDF SPACECRAFT.

RFAD THY ANGLFS (DEGe) AND INFOPMATION PERTAINING TO VEHICLE.
READ INPUT TAPE 41446110+XIDsXDELDy XDD sRV s HV  QV

IF NO RADIATION FROM THE VEHICLE IS TO BE CONSIDEREDs(SET RV=0.0)
FORMAT(8F100)

RB=RADIUS OF CYLINDRICAL SUTT (INCHES).

HB=HEIGHT OF CYLINDRICAL SUIT (INCHES).

R=RADIUS OF PLANET (NAUTICAtL MILES).

H=HEIGHT ABOVE SURFACE OF PLANET (NAUTICAL MILES).

TMAX=MAXIMUM PLANETARY SURFACE TEMPERATURE (DEGe RANKINE)
TMIN=MINIMUM PLANETARY SURFACE TEMPERATURE (DEGe. RANKINE)

READ SUIT AND PLANETARY DATA.

READ INPUT TAPE 4154110+RBeHRB Ret{s TMAX s TMIN
WSTART=INITIAL ARGUMINT OF OMEGADEGREES

WEND=FINAL ARGUMENT OF OMEGADEGREES

NW=NUMBER OF INTERVALS INTO WHICH THE OMEGA RANGE IS DIVIDED
NS=NUMBER OF SUIT SURFACE ELEMENTS

LUNAR ORBIT (NCASE=1)sEARTH ORBIT (NCASE=2)

READ ORBITAL [LEMINT RANGE (OMEGAYDEGREES)

READ INPUT TAPE 414+4110sWSTART #WEND

READ ORBIT INTERVALSsSURFACE ELEMENTS AND PLANET IDENTIFICATION
READ INPUT TAPE 4144115 ¢NWsNSeNCASE

FORMAT(8110)

S§=5OLAR CONSTANTSRTU/HR-T T #%7

ALBEDO=PLANETARY ALBFDO(N.N7 FOR MOON,0+35 FOR EARTH)
ASB=SOLAR{(DIRECT AND RLFLECTED) ABSORPTIVITY OF SUIT=ARO
AEB=INFRARED ABSORPTIVITY AND EMISSIVITY OF SUIT=AVB=EB
ASV=SOLAR (DIRECT AND REFLECTLD) ABSORPTIVITY OF SPACECRAFT=ARV
AEV=INFRARED ABSORPTIVITY AND EMISSIVITY OF SPACECRAFT=EV

READ SURFACE RADIATION PROPERTIES AND PLANETARY ALBEDO

READ INPUT TAPE 4146110059 ALBEDOIASBIAEBIASV ALY
THICK=THICKNF SS OF THE SPACE SUIT (INCHES)

BK=THERMAL CONDUCTIVITY OF SPACE SUI T MATERIAL (BTU/HR-FT-R)
TBI=INSIDE SURFACE TEMP., = BODY SKIN TEMP. (R}

CIB=FEXCHANGE FACTOR FOR INSIDE SURFACE E(1-8)

Rt AD INPYT TAPFE l‘]v‘*]10'TH1(K0“K'T“IOEYR

PRUL IMINARY CALCULATION OF ANGEF-DEPENDENT QUANTITIESe (SUIT!



10
15

20

X1=X1D#*0401745329252
XDEL=XDELN#001745329252
SNI=SINF(XI)
CS1=COoSF(x1)

SNDEL=SINF (XDEL)

CSDEL=COSF (XDEL)

COMPUTES COMMON TERMS FOR SUBSEQUENT SUBROUTINES,.

RR=R*R

RH=R+H

AzR/RH

AA=A¥A

BB=SQRTF (1«0-AA}
TH2=ATANF(A/BB)
XWD{1)=WSTART
XW(1)=WSTART®#0,01745329252
IF(XID)546445

Nw=1

GO TO 15

FNW=NW

DWD = {WEND~WSTART ) /FNW
DW=DWD*#0.,01745329252
DO 10 I=2sNW
XWD{I)=XWD{I-1)+DWD
XW(T)=XW([-1)+DW
NS1=NS+1

NS2=NS+2

FNS=NS
DPHID=360+0/FNS
DPHI=6.2831853/FNS
PHID(1)=040

PHI=0.,0

COS{1)=1.0
CPSI(1)=SNI
SIN(1)=0.0
SPCI(11=0.0
CEN(1)=SNDEL
CEN(NS1)=-CSDEL
CEN{NS2)= CSDEL

DO 20 J=24NS
PHID(J)=PHID{J~1)+DPHID
PHI =PH1+DPHI
COS(J)=COSF(PHI)
CPS1(J)=COS{J)%SNI
SIN(J)Y=SINF(PHI)
SPCI(J)=SIN{J)®CS]
CEN{J)=SNDEL#®#COS(J)
CBl=ASH#*S
CB3=CB1#ALBEDO
AREA=3,1415927%RB
AEND=AREA#RB/144,4,0
AREA=2,0%AREA®HB/ 14440
ASIDE=AREA/FNS
AREA=AREA+2.0*AEND
SK=BK#1240
RAT10=RB/(RB-THICK)
SIDEK=SK/ (RB*LOGF (RATIO)}
ENDK=SK/THICK
ENDTK=EIB*0s1713E-8
SIDETK=ENDTK/RATIO
ES=AEB*0.1713E-8




C

DO 30 J=14NS2
FEB(JUV=FEBFVBIJsCEN+A»AABBsTH2)
30 AFEB(J)=AEB#FEB(J)
GO TO (41442)sNCASE
41 DTEMP=TMAX-TMIN
EM=(1e0~ALBEDO) #S/({ (0«2 *DTEMP#X4+DTEMP#S3STMIN42,0*DTEMP*DTEMP*TMI
INSTMIN#2,0%DTEMP#TMIN®2342 0% TMINY#4 ) #400%0.1713E~08)
PRINT OUT INPUT VARIABLES OR PARAMETERSe
42 NPAGE=1
WRITE OUTPUT TAPE 42,4200+ MHEADNG ¢NPAGE
4200 FORMAT(1H]1+9X+s16A5 44X st4HPAGE »14)
NPAGE =NPAGE +1
WRITE OUTPUT TAPE 42,6201+RsALBEDOS
4201 FORMAT(//7/7+20X91BHPLANET (SPHERICAL) ¢/ +F33e3,16H = RADIUS (NeMe) o/
19F3343,94 = ALBEDOs/sF33e39431H = SOLAR CONSTANT (BTU/HR-SQFT) )
GO TO (434+44) ¢+NCASE
43 WRITE OUTPUT TAPE 42+4202+CMsTMAXITMIN
4202 FORMAT(/+F33e3422H = INFRARED EMISSIVITYs/4F33.3433H = SURFACE TEM
1PERATURE (R} (MAXe)s/sF3343433H = SURFACE TEMPERATURE (R) (MINe) }
44 TESTRV=RV-04005
IF(TESTRV) 445,445,444
444 WRITE QUTPUT TAPE 42+4203sRVIASVIAEV.QV
4203 FORMATI(///+20X»22HSPACECRAFT {SPHFRICAL)»/+F3343+16H = RADIUS (FEE
1T)s/9F33e3s21H = SOLAR ABSORPTIVITYs/sF33.3424H = INFRARED ABSORPT
2IVITYs/+F33434,30H = INTERNAL HEAT LOAD (BTU/HR) )
445 WRITE OUTPUT TAPE 42,42049RBsHBs THICKWH
4204 FORMAT(/7/920X9s18HSUIT (CYLINDRICAL)+/sF3343518H = RADIUS (INCHES)
19/79F33e43418H = HEIGHT (INCHES!)e/9eF3343+21H = THICKNESS {(INCHES)
2/+F3343,38H = DISTANCE FROM PLANLY SURFACE (NeMe) )
IF(TESTRV) 44744474446
446 WRITE OUTPUT TAPE 42,4246,Hv
4246 FORMAT( /+F3343+39H = DISTANCE FROM VEHICLE SURFACE (FEET) )
447 WRITE OUTPUT TAPE 42.4247,ASHBIAEBIBKEIB»TBI
4247 FORMAT(/¢F3343,21H = SOLAR ABSORPTIBITYs/+F3343,24H = INFRARED ABS
IORPTIVITYs/9F33¢3¢37H = THERMAL CONDUCTIVITY (BTU/HR~FT-R)e/eF33e3
2,28H = INTERCHANGE FACTOR E(R-T)4/9F33e3,
331H = SKIN TEMPERATURL OF CREW (R 1}
WRITE OUTPUT TAPE 42+4205,XIDyXDELD
4205 FORMAT(/77920Xs17HANGLES IN DEGREESw»/sF3343432H = ORBIT PLANE INCL
1INATION ANGLEs /936X +45H{WeReTe PLANE PERPENDICULAR TO SUN DIRECTI
20N)/+F33.3+30H = ANGLE RETWEEN BODY AXIS AND+/+36X»20HBODY POSITIO
3N VECTOR )
IF(TESTRV) 449,449,448
448 WRITE OUTPUT TAPE 42,4248,XDD
42648 FORMAT( /+F33¢3940H = ANGLF BETWEEN BODY-VEHICLE VECTOR ANDs /936X
1,20HBODY POSITION VECTOR)
PRELIMINARY CALCULATION FOR SPACECRAFT,.
500 MSHADE=2
XD=XDD#0e01745329252
SND=SINF(XD)
CSD=COSF(XD)
XX=XDEL-XD
SNDD=SINF{XX)
CsDD=COSFXX)
RHy=Ry+HyY
Av=RV/RHV
AAV=AVEAY
BBV=SORTF{1e0~-AAV)
THV2=ATANF (AV/BBV)
RHV=RHV#0.000164579171




520

530

449

533

99

HCD=RHY #CSD
HSD=RHV*SND
DOWN=RH*(RH+2 s 0#HCD ) +RHV#RHY
BBX=SQRTF(1¢0-RR/DOWN)
FEV=0e5%(140-BBX)

DOWN=SQRTF (DOWN )

UP=SNI/DOWN

XX=HSD/DOWN

DD=ATANF (ABSF (XX) /SORTF {14 0-XK#XX) )
IFIXX)2+343

DD=~DD

WW=6,7123890-DD

HCD= {RH+HCD ) #UP

H5D=HSD#UP

CVN(1)=~SNDD

CVN(NS1)=CSDD

CVNINS21=-C5DD

DO 520 J=2sNS
CVN(J)=-SNDD*COS!(
CBS=CB1%(1.0~ASV]

CV1=ASVES

CV2=AEV*FEV

CV3=CV1*ALBEDO

DQV=QV/ (440%34141592 T#RVERV)
DO 530 J=14NS2
FVB(J)=FEBFVB{JsCVNsAVsAAV BBV THV2)
AFVB(J)=AEB*FVB(J)

CALL SHADOX (MSHADE s NSHADE )
CALL TCRAFT[MSHADE )

GO T0 99

MSHADE=3

TBS5=0.0

DO 533 J=14NS2

AFVB(J) =040

CALL SHADOX{MSHADE »NSHADE )
CALL TSUIT(NSHADE)

CALL EXIT

END




101
102

103
104

10%

110

130

140

FUNCTION FEBFVB(JsCSNsAL1sA24B2+AN2)
COMPUTES FORM FACTORS FOR PLANETARY OR VEHICULAR THERMAL RADIATION
DIMENSION CSN(26)

C=CSN(D)

CC=C*C

IF(C) 10351014102

TH1=9040 DEGREES OR 15707963 RADIANS
FEBFVB=(AN2~-A1%B2) /73641415927
RETURN

ANI=ATANF{SOQRTF (10-CC)/C)

GO TO 104

AN1=3,1415927-ATANF (-SQRTF (10-CC)/C)
ADD12=AN]1+AN?

SUB12=AN1-AN2

IF(ADD12-1¢57079631110+110+105
IF{SUB12-1e5707963)130+140+140

(TH1+4TH2) SMALLER THAN 90.0 DEGREES (FULL VIEW)+CASE |
FEBFVB=A2%C

RE TURN

(TH1+TH2) GREATER BUT (TH1-TH2) SMALLER THAN 90 DEGREESsCASES 2,3
SINX=SINF(AN1)

X=SORTF (ABSF{A2~CC))/SINX

Y=B2#CC/SINX

ANG=240*#ATANF {X/SORTF(1,0-X#X))

YB=ABSF(Y/{A1%C))

ASTN=A2#ABSF (( JEATANF(YB/SORTF{1.0-YB#YB))
FEBFVB=0,5%A28C +{XEY+ASIN+DS*{ANG-SINF(ANG) ) ) /341415927
RETURN

(THI-TH2) GREATER THAN 90 DEGREES (NO VIEW)

FEBFVB=0.0

RE TURN

END
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SUBROUT.INE SHADOX (MSHADE «NSHADE)
COMPUTES THREE (3) SETS OF SHADOW ANGLE INTERCEPTSe
COMMON XIDyBB+BBV +BBXsWWsSNTsAW3 s XW4 s YW3 9 YWS 4 ZW3 9 ZWa s XD
NSHADE=6
IF(x1D)1220+250+220
220 SS=ABSF (SN}
C5X=BB/SS
IF(¢sx-1.01221,221,222
221 ANG=ATANF(SQRTF({1e0-CSX*CSX)}/7CSX)
XW3=4,7123890-ANG
XW3D=XW3%#57429577951
XW4=4471238B90+ANG
XW4D=XWL#57429577951
NSHADE=NSHADE-3
222 IF{MSHADE=~31223+250+223
223 MSHADE=2
CSX=BBV/SS
IF(CSX~1e01231+231,232
231 ANG=ATANF(SQRTF(1e0-CSX*¥CS5X)/CSX)
YW3=1,5707963~ANG-XD
YW4=YW3+2+0%ANG
NSHADE =NSHADE-1
IFIYW312354236,236
235 YW3=642831854+YW3
236 IF({YW4)237+4238+238
237 YW4=6,2831854+YW4
238 IF(YW4-YW3)2394+2640,240
239 NSHADE=NSHADE-1
240 YW3D=YW3I%#57,29577951
YW4D=YW4%57429577951
232 CSX=BBX/SS
TF{CS5X~140)241+9241,250
241 ANG=ATANF{SQRTF(1.0-CSX*#CSX)/CSX)
MSHADE=MSHADE~1
ZW3=WW-ANG
ZW3D=2W3%57629577951
ZWhH=WW+ANG
2W4D=2ZW4%57429577951
250 WRITE OUTPUT TAPE 4244210
4210 FORMAT(///+20Xs23HSHADOW ANGLE INTERCEPTSs11XsSHENTERs6Xs4HEXIT)
GO TO (25142519253,2544254,256) +NSHADE
251 WRITE OUTPUT TAPE 4246211 eXW3DsXW4DsYWIDYW4LD
4211 FORMAT(1IH 25Xs264HSUTT IN SHADOWS (PLANET)+2Xs2F10e34/ 041X s9H(VEHIC
1LE)»2X42F 1043}
GO TO 260
253 WRITE OQUTPUT TAPE 42,4212+ XW3DyXW4D
4212 FORMAT(1H 25X+24HSUTT IN SHADOWS (PLANET) +2Xe2F10e34/941Xs9HIVEHIC
1LE ) s 5X 9 AHNONE » 6X s 4HNONE )
GO TO 260
2%4 WRITE OUTPUT TAPE 42,02134YW3DsYW4D
4213 FORMAT(1H 25X s24HSUIT IN SHADOWS (PLANET)»5Xs4HNONE » 6X s 4HNONEs/ 941
1XeFH(VEHICLE) 92X +2F10e3)
GO TC 260
256 WRITE OUTPUT TAPE 4244214
4214 FORMAT(IH 25X +24HSUIT IN SHADOWS (PLANET) s5X+A#HNONE +6X s 4HNONE /941
1Xs FHIVEHICLE ) 35X o 4HNONE 9 6 X « 4HNONE )
260 GO TO (261926292701 9MSHADE
261 WRITE OUTPUT TAPE 42,0215+ZW3Ds2ZW4D
w215 FORMATUIH 25X s26HVEHICLF IN SHADOW (PLANET)+2F1043)
GO TO 270




62 WRITE OUTPUT TAPE 4244216
6%16 FORMAT(1H 25X926HVEHICLE IN SHADOW (PLANET) s3X ¢ 4HNONE ¢ 6X ¢ 4 HNONE )
270 RETURN
END



301

302
300
305
310

315
320

325

326

327
328

329
330

349

4251

350
4200
4201

SUBROUTINE TCRAFT(MSHADE)

COMPUTES SINK TEMPERATURES FOR A SPHERICAL SPACECRAFT.
DIMENSION XWD(200)sXW(200) sEMITV(200) +HEADNG(16)
COMMON XID+BB BBV sBBXsWWsSNI s KW o XWa s YW s YW4sZW3sZW4 s XD
COMMON 54 ALBEDD +NCASE s XWD » XWoNWsEMITV s TMIN'DTEMP »EMsNPAGE sHEADNG
COMMON HCDyHSDsFEVCV1IsCV22CV34DAVIALY

NLINE=51

DO 350 I=1,NW

IF(NLINE-501302+9302+301

WRITE OUTPUT TAPE 42,4200+HEADNGsNPAGE

WRITE OUTPUT TAPE 62,4201

NPAGE =NPAGE +1

NLINE=0

wW=xw(l)

GO TO(300+315)9sMSHADE

IF(W~ZW3)315+310+305

IFIW-2W4)310+310+315

ONE=0.0

GO 10 320

ONE=0.,25%CV1

COSV=SINF (W) #HCD+COSF {W) *#HSD

1F(COSV 132593254326

THREE=0.0

TE=TMIN

GO TO 327

THREE=FEV#COSV*CV3

TE=DTEMP#COSV+TMIN

GO TO(328+329)9NCASE

ET=0e1713E-0BREMRTER XL

GO 10 330

ET=0e25%#{1.0~ALBEDO )} *S

TWO=CV2¥ET

EMITV(I)=ONE+TWO+THREE+DQV

IF(AEV) 35093509349

TVA=EMITV(I)/AEV*0.1713)

TV=TV4%%(0,25%100.0

NLINE=NLINE+1]

WRITE OUTPUT TAPE 42+4251sXWD{ 1) +sONEsTHREEsTWOsDQVSEMITV () sTV4,TV
FORMAT(1H F942+3X+5F84217X92F842)

CONTINUE

FORMAT(1H1+9Xs16A5s14Xs4HPAGEs14)

FORMAT ( 1HO10X s 46H—ABSORBED HEAT FLUXES (BTU/HR-SQFT)-SPACECRAFT6X

la5HT5*'by5X92HTSo/,5X95HOMEGA95Xv6HDIRECToZXo6HREFTDoo2Xo6HPLANETo
22X'6HINSIDE1/-5Xo5H(DEG)v6Xp5HSOLAR93Xv5H$0LAR92X06HEMISSN$3XohHHE
ZAT 94X s5HTOTAL» X s 6HIE~08) 24X s3HIR}»/)

RETURN
END




200

205
4205

310
311
315
320
321
330
331
335
337

340

345

347
350
360

405
406
410

411
415
455
456

460
461
470
471

SUBROUTINE TSUIT(NSHADE}

COMPUTES SINK TEMPERATURES FOR A CYLINDRICAL SUIT.
DIMENSION XWD(200)+XW(200) +EMITV(200) +HEADNG(16)
DIMENSION PHlD(ZG)-FEB(Zs)»FVB(ZG)vCPSI|26)9SPC1(26)vAFEB(26)oAFVB
1126)

DIMENSION FSBU26)1sFREB(26),FRVBI26)

COMMON XI[)-HBvHHVvBBX'NN'SNlOKWBOXW.|YN30YH&OIH3!ZU6'XD
COMMON S'ALBEDOoNCASEvXHD'XHoNUoEM]TVoTMlNvDTEMPoEMtNPAGEvHEADNG
COMMON HCD o HSDsFEVSCV1+CV29CV3»DAVIAEY

COMMON AEB'XDELoNSoNSloNSZoPHIDoCPSl'SPCInFEBvFVB'AFEBoAFVBoCBloCB
13+CB95eARFAASTDE S AEND TBI +SIDEKs STDETKSENDK2ENDTKSEC
NLINE=S]

DO 615 T=1.NW

wW=Xw(Il)

IF(NLINE~-47)205+205+200

WRITE OUTPUT TAPE 42 44200 +HEADNG o NPAGE

WRITE OUTPUT TAPE 42,4201

NPAGE =NPAGE +1

NLINE=0

WRITE OUTPUT TAPE 642,+4205.XWD(1)

NL INE=NLINE+]

FORMAT(1H #942)

GO 10(310+310+310+330+320+3401sNSHADE
IF(W-XW3)315+335,+311

IF (W-XW4133553354315

GO TO(330+3209340) +NSHADE

IF(W-YW3)36409335,321

IF (W~YW4133593354340

IF{W-YW3)331+335,335

IF{W~YW4)335+335,340

DO 337 J=1sNS52

FSB(J)=0.0

GO TO 360

CDW=COSF (XDEL +W}

FSBINS1)=SINF {XDEL+W)%#SNI

FSBINS21=-FSB(NS1)

DO 345 J=1NS

FSB(J)=CPSI(J)*#CDW+SPCI(J]

DO 350 J=14NS2

IF(FSB{J))347+350+350

FSB(J1=0.0

CONTINUE

SEW=SINF (W)*SNI

SVW=~SINF (W+XD) #SNI

IF(SEW)410+410+%405

TE=DTEMP#SEW+TMIN

DO 406 J=1sNS2

FREB(JI=FEB(J)*SEW

GO TO 415

TE=TMIN

DO 411 J=1sNS2

FREB(JY=0.0

IF (SVW)460+4604 155

DO 456 J=14NS2

FRVB(J)=FVBI(J1%#5VW

GO 10 470

DO 461 J=1sNS2

FRVB{J)1=040

GO TO(471,472)+NCASE

ET=0e1713E-0B%EM*TE =%/



60 10 600
472 ET=0e25%(1.0-ALBEDO) *S
600 AVGT4=0a0
QLOAD=0.0
TK=SIDETK
CK=SIDEK
DO 610 J=1sNS2
IF(NLINE=-47)602+602+601}
601 WRITE OUTPUT TAPE 42,4200+sHEADNG sNPAGE
WRITE OUTPUT TAPE 42,4201
NPAGE =NPAGE +1
NLINE=0
602 ONE=CB1*#FSB{J)
TWO=AFEB({J)*ET
THREE =CB3#FREB(J)
FOUR=AFVB(J)*EMITV(I)
FIVE=CBS*FRVB(J)
TOTAL=ONE+THREE +F I VE + TWO+FOUR
TB4=TOTAL/ES
TB=TB4##0,25
IF({J=NS11501+5004501
500 TK=ENDTK
CK=ENDK
501 TERM=TK*TB[*%*4
TMID=((CK*(TB-TBI)+TERM) /TK)#%0,25
DX=0+5#ABSF{TMID~TBI)
X220e5* (TMID+TB1)
XL=X2~DX
XR=X2+DX
KOUNT =0
502 QRATE=TKXX2*%¥4-TERM
TOUT=X2+QRATE /CK
YMID=ES#TOUT##4-TOTAL+QRATE
IF (ABSF(YMID)~14E=-2) 51045104503
503 IF{YMID)S04+510+505
506 XL=X2
GO TO 506
505 XR=X2
506 KOUNT=KOUNT+1
X2=0e5% (XL+XR)
IF(KOUNT-151502+502+510
510 X2=TOUT
IFINS~J)606+6054+605
605 AVGT4cAVGT4+TB4#ASIDE
QLOAD=QLOAD+QRATE*ASIDE
WRITE OUTPUT TAPE 42+6210+sPHID(J)sONE s THREEYFIVEsTWOsFOURSTOTALTB
19X29sQRATE
4210 FORMATITIH 9XsF94243Xs6F84243X93FBa2)
GO TO 610
606 AVGT4=AVGT4+TB4#AEND
QLOAD=QLOAD+QRATE*AEND
WRITE OUTPUT TAPE 42,4211 sONEsTHRFEZFIVE s TWOsFOURyTOTAL»TB,
1X2sQRATE
4211 FORMAT({IH 14X s3HEND s/ Xs6FBe2+3X93F802)
610 NLUINE=NLINE+]
AVGTH=AYGTH/7AREA
AVGT=AVGT42%0,.25
TSKIN=(AVGT4~QLOAD/ (AREA®ES) )% %0425
WRITE OUTPUT TAPE 4244212+AVGT» TSKINsQGLOAD
4212 FORMATUIH+s96Xs2FBe2+FT7els/)




615 NLINE=NLINE+]
4200 FORMATTIHI +IX s 16AS 14X +4HPAGE W T4 T
4201 FORMAT({1HO23X+46HABSORBED HEAT FLUXES (BTU/HR-SQFT)-SPACE SUIT-»
129X s 14HAVERAGE VALUESs/5X9s SHOMEGA$5X ¢ 3HPHI ¢6X922HDIRECT REFLECTED
2SOLAR92X s 14HTHERMAL EMISSes15Xe2HTSs4X9e6HT(OUT ) 93X 9SHORATE 94X e2HTS
394X e6HT(OUT) 92X 95HQEIN) 9/ 95X sSH(DEG) 94X e5SHIDEG) 96X ¢+ 5HSOLAR s 2X
414HPLANET VEHICLE 92X o 14HPLANET VEMICLE»3Xs5HTOTAL 96X 93H(R) 96X93H(R

5)s3Xs6HB/H-SFs3Xs3H(R) 95Xs3HI(R) +3X+6HBTU/HRe /)
RETURN
END
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Appendix B

Computer Program for Extravehicular Heat Balance
for Lunar Surface Environments




C

(o N aNaNaXaNal el

aoon

aoo0n

4105

4110

4115

20

Jos H1494 S.H. LIN (FOR ANY TS) (10-22-1964)
SUIT HEAT TRANSFER STuDY FOR MAN ON LUNAR SURFACE.

DIVENSICN Th{20), HEADNG( 16),TCR124) ,TCCR(24),TSSR{24),TSR(

124) s TCTR{ 24)

FCRMAT(16AS)

READ SUIT DATA,SIZE,RADIANT AND THERMAL PROPERTIES.
READ INPUT TAPE 41,4110,RI,HI.TB,EIB, CK2,TH2, CK1
FORMAT(B8F10.0)

RI= INSIDE RADIUS OF SUITEINCHES]}

HI=LENGTH OF SUIT(INCHES)

TBsSKIN TEMPERATURE CF CREW(R]).

EIB=EFFECTIVE INTERCHANGE FACTOR({INSIDE SURFACE-SKIN).
CK2=THERMAL CONCUCTIVITY OF SECOND LAYER(BTU/HR-FT-R]}.
TH2=THICKNESS CF SECOND LAYER({INCHES).

CKLl=THERMAL CONCLCTIVITY OF FIRST LAYER(BTU/HR-FT=-R).
REAC INPUT TAPE 41,4115,NS, KMAX

FORMAT(8110)

NS=NUMBER OF ELEMENTS INTO WHICH (180 DEGREES) IS DIVIDED.
KMAX=NUMBER OF (CLIFF ANGLE AND SUN ANGLE COMBINATION} CASES.
PRELIMINARY COMPUTATION FOR SUBROUTINES.

FNS=NS

NMAX=NS+1

DANG=3.1415927/FNS

GAMMA=~0,5¢DANG

DO 20 N=1,4NS

GAMMA=GAMMA+DANG

ICRIN}=COSFIGAMMA)

TCCR(N)=TCRI(N)=TCRI(N)

TSSR{N)=1.0-TCCRI(N)

TSRIN}=SQRTIF{TSSRIN]}

TCTR(N)=TCRIN)/TSR(N)

RM=RI+Th2

THK=TH2/CK2

TOPER=EIB*0.1713E-8

TB4=TBeus

TTERM=TCPER#TB4

HM=H[+2.0eTH2

D0 615 K=1,KMAX

READ INPUT TAPE 41,4105,HEADNG

READ INPUT TAPE 41+41104SXDEG,BASE, S,ASB,AEB

READ INPUT TAPE 41,4115, NTH

READ INPUT TAPE 41,41104(THIN)sN=1,NTH)

THIN)=FIRST LAYER THICKNESS(INCHES]).
SXCEG=SUNRAY-VERTICAL PLANE ANGLE(DEGREES).
BASE=WICTH OF CRATER BASE (FEET]}.

S=SOLAR CCNSTANT(BTU/HR-SQFT)

ASB=SOLAR ABSORPTIVITY OF SUIT.

AEB=INFRARED ABSCRPTIVITY AND EMISSIVITY OF SuUlT.
XMAX=BASE#12.0

ES=AEB#Q.1713£-8

SA=5eASH

SE=SeAER

$5=5/0.1713€E-8

SN=SINF{0.01745329252+SXDEG)

SX=SQRTF{1.0-SN#SN)

SEX=0.159154941#SEeSX

NPAGE=1

WRITE CUTPUT TAPE 42,4200,HEADNGNPAGE



NPAGE=NPAGE+1
4200 FORNATULIHL¢9X,16A5,4X,4HPAGE,13)
TX={SX#S5S)ew0,.25
WRITE CUTPUT TAPE 42,4201 4BASES SXOEGySX,y I X
4201 FURMATI{(///74+20X,s 1THFLAT SURFACE o/9F33.3,2%H = WIDTH OF BASE (F
LEET) o/ +F33.3,31F = SOLAR CONSTANT (BTU/RR-SCFT),/,
2633.3,36H = SUN RAYS-VERTICAL ANGLE (DEGREES)s/,F33.3,29H = RADIOS
31TY 7 SCLAR CONSTANT,/,F33,.3,20H = SURFACE TEMP. (R))
WRITE CUTPUT TAPE 42,4202,R1,HI, TH2,AS8,AER,CK2,EIR,TA
4202 FORMAT(//7/420%X, 18HSUIT (CYLINDRICAL),/4F33.3,18H = RADIUS (INCHES)
1,/7:F33.3,18H = HEIGHT (INCHFS)/,F33.3,34H = SECOND LAYER THICKNES
2S (INCHES)e//+F23.3,21H = SOLAR ABSORPTIVITY,/,F33.3,24H = INFRARE
3D ABSORPTIVITY,/,F33.3,48H = 2-ND LAYER THERMAL CONDUCTIVITY (BTU/
4HR-FT~R)¢/,F33.3,28H = INTERCHANGE FACTCR E(B-1)4/,F33.3,31H = SKI
SN TEMPERATURE CF CREW (R))
c CCMPLTES HEAY TRANSFER RATES OF SulfT.
NLINE=S1
DB=0.5*EASE
DX=0.5
DO 615 M=1,NTH
TH1=THI(M)
RB=RM+TH1]
HB=hM+2.0THIL
ASICE=2.0#RB=DANG*HB/144.0
ATOP=3.16415927#RB#RB/144.0
AREA=ASIDEsFNS+ATOP
RLK=RB# L OGF(RM/RI)/CK2
RL=RB*LLCGF(RE/RW)
CK=12.0/({RLK+RL/CK1}
ER=TUPER=RI/RB
TERM=EReTB4
RX=RB/XFAX
HX=0.5+-B/XMAX
XH=HXaHX
QLCAD=0.0
AVGT4=0.0
IF{NLINE-44)105,105,100
100 WRITE CLTPUT TAPE 42,4204,HEADNG,NPAGE
4204 FORNAT(lHl.QX.leS.QX'éHPAGE.ll.//.lOX.IOHSPACE-SUIY.8X.32HABSORBE
1D HEAT FLUXFS {PTU/HR-=SF), 34X, L4HAVERAGE VALUFS, /43X ,8HDISTANCE,2X
2.7H1—LAYER.SX.QFELE-'ZX.bHDIRCCT.ZX.bHCRATFR.?X.bHCRATER.lSX,ZHTS.
34X 3 6HT{CUT) 93X,y SHQRATE 44X 2HTS e 4 Xy 6HTIOLT) y 2Xo 6HTLINS) 93X SHQUIND,
h/.kx,bH(FEET),hX.SH(IN.).4X.4HMENT.BX.SFSULAR.ZX.bHBOYTCM.1X.5HCLI
SFF.?X.SHYOTAL.bX.BH(R)'6X,3H(R),3X.6HB/F—SF.3X.3H(R).SX.3H(R).5X.3
6H(R) 44X 6HBTU/HR /)
NPAGE=NPAGE +1
NLINE=0
105 WRITE CULTPUT TAPE 42,4205,C8, THL
4205 FORMAT(IH F9.2,F9.3)
NLINE=NLINE+]
QwALL=0.0
DG 610 N=]1,NMAX
IFIN-AMAX)114,111,111
111 QSUN=SAsSX
QFLAT=0.0
CK=12.0/71THK+THL/CK1)
ER=TOPER




TERVM=TTERM
GO 10 125
114 CR=TCR{N)
SC=SNeCR
IFISCILLS,115,116
115 QSUN=0.C
GO 10 117
116 QSUN=SAsSC
117 CCR=TCCR{N)
SSR=YSSRI(N)
SR=TSR{IN)
CTR=TCTR(N)
B=-DX-RXsCR
A=B/(HXeSR)
ROCT=1.C/SQRTF(BaB+XH)
ONE=ATANF{A)-HXCR8RCOT=(1.57T079635+ATANF{B=RODOT=CTR))
B=-CX-RX#CR + 1.0
A=B/(HXeSR)
RCCT=1.0/SQRTF(ReB+XH)
TWC=ATANF(A)-HXoCReRCOT&(1.57079635+ATANF(B=ROOT#LCTYR))
QFLAT=SEX*(TWO-CNE)
125 TOTAL=CSUN+QFLAT
TS4=TOTAL/ES
TS=T154#40,25
TMIC=CKe{TS~TB)+TERV
IF(TMIC) 126,126,127
126 TMID=TS
GG 1O 128
127 TMID=(TF]ID/ER)#=(0.25
128 DX2=0.5«ABSF{IVIC~-T8)
X2=z0.5=(TV]C+T78B)
XL=x2-CX2
XR=X2+DX2
KOUNT=0
502 QRATE=ER®X2ue4—~TERM
TOUT=X2+QRATE/CK
YMID=ESeTCOUT#e4-TOTAL+QRATE
IF(ABSFLYVMIC)-1.E~-31510,510,503
503 IF(YMIC)504,510,505
504 XL=X2
GO T0 S06
505 XR=X2
506 KOUNT=KCUNT+]
X2=0.5={XLeXR}
IF(KCUNT-20)502,502,510
510 Xx2=T0QUT
IF{N-NMAX)606,6C5,605
605 AVGT4=AVGT4+TS4waTCP
QLCAD=CLOAD+CRATE=ATCP
WRITE CUTPUT TAPE 42,4210,QSUNQFLAT,QWALL+TOTAL,TS,X2,QRATE
4210 FCRMAT{1IH 23X,3+T0OP,4FB8.2+3X,3F8.2)
GO 16 610
606 AVGT4=AVGT44TS4=ASICE
QLCAD=CLOAD+CRATE®ASIDE
WRITE CLUTPUT TAPE 42,4211 ,N,QSUN,QFLAT,CWALL,TOTAL,TS,X2,0RATE
4211 FORMAT(IH 12644F8.2:3X,3F8.2)
610 NLINE=NLINE+]



AVGT4=AVGT4/AREA
AVGT=AVGT4#e0,.25
TSKIN=(AVGT4-QLCAD/ (AREA®ES) ) ##0.25
TOEEP=( (TERM+QLCAD/AREA)/ER)#e0.25
WRITE CUTPUT TAPE 4244212,AVGT,TSKIN,TDEEP,QLOAD
4212 FORMAT(1H+,85X,3F8.2,F8.1)
615 NLINE=NLINE+]
CALL EXIT
END




Appendix C

Computer Program for Man in Lunar Crater Environment



* JOR

DIMENSTON XTa1)1eXS(a1)9RXT4T1sRY (4T}

H1490 SeHs LIN (MAN IN CRATFR) (3501-110617-01~0100)
C SUTT HEAT TRANSFER STUDY FOR MAN [N CPATER.

DIMENSTION DRCE20) 9 THI20) s HEADNGI 1619 TCRI24)9TCCRI24)sTSSRI24 )+ TSRI

1241+ TCTRI24)

COMMON RUKSRL9 THK»TH1

COMVON CReCCReSReSSReCTReNHeNPT 4 STEP
e COMMON XSeXeBXeBYSIRReIRSsS5YsSXKeCYCXs55

COMMON NDoNTH»DHCoTHeSINsCOSsRT sHMsRMy XMAX s YMAX sRYX s TBs T4 sSAsSESS
INSESsCK29TOPERSTTERMeDANG o+ FNSoNMAX sNFAGE sHEADNG s TCRe TCCRsTSSRe TSR s

2TCTR

4105 FORMAT(T6A%)

C REAR SUIT DATA«SIZFRADIANT AND THERMAL PROPERTIES.
READ TNPHUT TAPE 41+41100R1sHI+TBsEIBs CK29TH2

4110 FORMATIRFIN.O}

HI=LENGTH OF SUITUINCHES)

Rl= INSIDE RADIUS OF SUIT(INCHES)

2 ¥alaXa KaXal

4115 FORMATI(8110)

CX2=THERMAL CONDUCTIVITY OF SECOND TAYERIBTU/HR-FT-R),
TH2=T-ICKNESS OF SECOND LAYER(INCHES),
TB=SKIN TEMPERATURE OF CREW(R).

T UTH=EFFICTIVE "INTERCHANGE FACTORTIRNSIDE
READ INPUT TAPE 41+4115eNSeNIeKMAX

SURFACE=SKIN) »

C NS=NUMRER OF ELEMENTS INTO WHICH (180 DEGREES) IS DIVIDED.
C NT=NUMRER OF INTZIRVALS INTO WHICH {(XMAX OR YMAX} IS DIVIDED
C KMAX=NUMBER OF (ZUIFF ANGLE AND SUN ANGLE COMBINATION) CASES.
T T PRELTMINARY TﬁﬂﬁUTKTrﬁN'FUE‘%UEPDUTI“E§. T
FNS=NS
NMAX=NS+1
L =De 9277'“5
GAMMA=-0,5%DANG
DO 20 N=14NS
T T GAMMASGAMMARDANG
TCRIN)=COSF (GAMMA)
TCCRIN)=TCRIN)*TCR(N)
TSERTNY=T,0=TCCRUN}
TSRIN}=SGRTIFITSSRIN))
20 TCTRIN)=TCR(N}/TSRI(N)
T RM=RI&TH? T )
THK=TH2 /CK2
TOPER=FEIB*0.1713F-8
T TBGETEYEG T
TTERM=TOPER*TR4
NH=NT1/?2
NPT=NT+1
FNI=NI
DO 30 I=1sNPT
TART=T-TTTTTT -
X(1Y=AI/FNI
30 XSUI)=X{L1)%®x(])
COSTEP=XT2173.0
HM=HTI42,0%TH?2
DO 99 K=14sKMAX
RUAD INFUT TAPE 41,4105, HEADNG
READ INPUT TAPE 414411060 SDFGeSXNFGyRASEsHIGH S sASIRsAER
READ INPUT TAPE 41441154NDeNTH
- T RLAD TNPUT TAPLE 41441105 198CTHNISN=1.ND
READ INPUT TAPE 41441105 (TH(N)sN=1NTH)
C THINY=FIRST LAY™R THICKNESS{INCHES).
T 777 TSHIG=CRATER WALL-VIRTICAL PLANE ANGLEIDEGREESY.



SXDEG=GUNRAY =VERTICAL PLANC ANGLE(DEGREES)
BASE=WIDTH OF CRATER BASD {FELT)e
HTGIEHETAIT OF TFRATUR WALT (FEY Ty

S=SOLAR CONSTANT (ATU/HR=5GFT)

ASE=SOLAR ARSDRPTIVITY OF 5111,

a¥s [aXa} mim el

AFRLTNI RARED ARGORPTTIVITY AND EMISSIVITY OF SUTT.
DRCIN)=DISTANCE FROM CORNER TO SUIT(FELT),
XMAX=RBASE%1240

SIN=SINFIOLOITED32526,2005D0F0G)

CC=1e0-5THESIN

'VMAX:HIGH/COb*I?;ﬁ
FG=AFR¥NG1713E~
SA=5#ASRK
SF=¢HAER
§925/Ne17135 -8
SNESINF (040176532925 2%SXDPG)
BXERORTFTTLO=3N4EN)
SYzSNECCH+SX*SIN
HSY=045%5Y
BYX=YMAX /XMAX
CY=045#RYX*(C
CX=CY*RYX
TRRERYX¥IRYX
HRS=RYX*S TN
RS=2 «O*HRS
TORPUTF ¢ TRITTAT BX( 17 ALONGTCRATIR BAGT .
DO 40 1=24NPT
40 BX{11=5X+HSYH (] O=(HRS+X 1)) /SORTF(XSITI+RR+RS*#X(T)) )
NPAGE=T T T
WRITE OUTPUT TAPE 42+4200yHEADNGINPAGE
NPAGF =NPAGE +1
GO0 TFORMAT TTHT 99X s 16AB s AX s 4tPAGE S 13)
WRITE OUTPUT TAPE 4244201 ¢BASE oI GHe S9CoDEGSXDEG
4201 FORMATI{(///+20X s 1 THCRATER (V= =GROOVE 19/ F33643423H =

DTH OF BASE (F

Wi
EETT s /+E633¢35, 351 = HETGHT OF CLTFF (FEETT»/5F3%.9,31H = SOLAR CONS
2TANT {BTU/HR=-SGFT)e/9F 33435330 = CLIFF-VERTICAL ANGLE (DEGREESI/,
3F 3343936 = SUN RAYS-VERTICAL ANGLE (DEGREES))
CUWRITITOOUTPUT TAPE 425062072 +RTWHT s THZ o ASD o AT R CEZ3FIRVTH
4202 FORMAT(///+20xs 18HTUTT (CYLINDRICALY s/ sk 32434 18H = RADIUS (INCHES)
19/9F3343¢ 18 = HELIOHT (IN'!LS)o/of%%.é'5+H = SECOND LAYER THICKNLS
e e I ROAES T3 7 /5F 33535 7 1H = "SOCAR KRSCRPTIVITY s 73F3373924H =7 INFRARE
D ABRSORPTIVITYs /sF 33, 39h8H = »-~ND LAYER THERMAL CONDUCTIVITY (BTU/
GHR=FT=~R)s/eF32.2928H = INTERCHANGY FACTOR E(B-11s/9F3343+21H = 5K 1
CENCTEMPFRATORS OF TREW (RYY T ) I o o
WRITF NUTPUT TAPE L 06200 o HE ALDNGeNPAGE
NPAGH =NPAGE +]
TTTTTALUTGROOVE T
99 CALL SUIT
CALL EXIT
ERD .




SUBROUTINE FOR H1490
SURROUT INE GROOVE

nr\n’ *

COMPUTZS RADIOSTTY DISTRIBUTIONS BIXT AND BIY)e
ADIABATIC WALL CONDITION REQUIRES BI(I)=H(I)s THAT 1S
RADIOSITY OR EMITTED FLUX=INCIDENT FLUX.

DIMENSTON FXT41441)+GRAND
DIMENSION X(41)eXS5(41)9+8X
COMMON RUKsRL9THKsTHI

fa)
(41)9BY(4])

COMMON CReCCR*SRsSSReCTRINHGNPT 4STEP
COMMON XSsXsBXeBYIRRIRSsSY4SXsCY (XSS

GRAND({1)=0.0

T COMPUTES KI{XsYT AND BY(J)
DO 30 J=2sNPT
DO 25 1=24NPT

ALONG CLIFF WALL.

XY=X{1)1%X{J}
FRKUToJ)y=XY/ (XS{T)+RR*XS(J
25 GRAND{II=BX{T)I*#FK(1,4J)

) +RSEXY )%R] .5

30 BY{J1=SY+CY*SUM{GRAND)
TS2=SUM(BX)+SUMIBY)
KOUNT=0

WRTTE OUTPUT TAPE 42,4204

4204 FORMATI(///+7Xs12HFROM CORNERs4Xs26HHEAT FLUX / SOLAR CONSTANTs5X,
VISHTEMPERATURE (R)e/ 97X e12HX/LX OR Y/LYs9Xs6HBIX)/Ss4Xs6HB(Y}/Sel1

ZX s BHTIXTsBX ¢ 4HTTY ) o7}
100 T81=T82
KOUNT=KOUNT+1

DO 130 T=2.NPT
DO 125 J=24NPT

125 GRAND(J)I=BY(J)*FK(1eJ)
= + ¥

DO 230 J=24NPT

DO 225 1=24NPT

TERXTTV*FRTUTIJT

230 BY{(J)1=SY+CY®SUM{GRAND)
TS2=SUM(BX)+SUMI(BY)

DTEST=ABSF{TSZ-T51}

C TEST CONVERGENCE CRITERION SATISFIED OR NOT.
IF(DTEST~14E-5)12509250245

245 TF(KOUNT-307100+100,250
250 DO 300 [=24NPT
TX=(BX(])%55)%%#0425

TY={BY(T)#S55)%%0,25
300 WRITE QUTPUT TAPE 42,4205

4205 FORMAT(IH I154F1Ne%ysBX92F106345X92F1062)
- WRITE OUTPUT TAPE 42,42064DTFST T

4206 FORMATI(///7/+10XeBHD{SIIM)
110N ASSUMED)
RETURN
END

sToXET)aBXIT)eBY([)sTXsTY

=+1P1E13.69/910X+s32HADIABATIC WALL CONDIT



SURROUTINE - FOR H1400

SUBROQUTINE SUTT

COMPIITES HEAT TRANSFTR RATFS OF SUIT,

PIMENSTON XDE4T Y s YDIATY o YHIGT) o XORAND 41 ) 9 YGRAMD (4] )
TeHIRX (4] ) oBRY (4L

TOHTMERSTON XT4 TV W XTI 1T X4 i saY Ty — 7 777 -
DIMENSTION DREE20D) s THIZOYsHUADNGLI6) o TCRI24)V 9 TCCRI24 10 TSSRI 74 )9 TSRI
124) s TCTR(24)
TCOMMON RUKsRL o TI o111 ’ ’ ) - R
COMMON (RGCOR$SR 9 EHP o TR oMo NPT« TED
COMMNN XS eXsBXsRY gPRyRGeSY g XY e X 458

TTOMMON RO sNTHYDRC s THI GINSCOSYRT sHM s RMy XMAX s YMAX s RYX o TBs TR4 9 SAPSES S
INCESsCK2s TOPER s TTERMeDANG s FNSsNMAX sNPAGE s HEADNG TCReTCCROTSSR TSR
2TCTR
TRET=0,H¥RS ’
BX{1)=2aN¥BX(2) =X (3)
AY (1)=2N¥RY (2)-RY (%)
00 4 [=2,NPT T
BBX(1)=BX{1)+RX(1-1}

4 BBY(1)=BY(1)+BY(I~1}
GEPTE L ATYST 14 10hSF
SEQ=0,25%ST
RFAD INPUT TAPL 41,4100sCK]

100 FORMATBFIO.ON 77

PO 615 K=1sND
NLINE=51
FREPBCTEI* 17467
DX =Dt/ XMAX
DY =DH/YMAX
DXX=DXEDX
RSX=RE*DX
DO 5 I=24NPT
XOUTT=XTT7<nX -

S YD(I)==X{1}1*5IN=0Y
DO 615 M=14NTH
THI=THI{MY S
RB=RM+TH1
HB=HM+2,0#TH1
ASIDFE =7 JOXRTIDANG #HR /14440
ATOP=3,141592 1 R ¥RNA/14074,0
ARLAZASIDE RFNL+ATOP
RURERBXUOGFIRM/RT) /CK2
RL=RD#LOGF (RB/RM)
CK=1240/(RLK+RL/CK1)
CR=TOPERYRT/RE
TERM=CRAT4G
RY=RR/YMAX
RX=RNBZXMAX
HY=0¢5%HB/YMAX
YMIN=240tHY
TIXEHYARYX
XH=HX*1X
REH=RY®*COS
DO 10 152,NPT

10 YH(I)= X(1)%COS—HY
DH=CY#COS+HY ®SIN
OUNAD =G0
AVOGTH =Y e
UUHNL TN =44 ) 1053100 ¢ 100

100 WRITE QUTPUT TAPE 4244200 sHFADNG s MPAGE




42C¢C

FOHMAT(]H];9X916A594X5GHPAGE’l?9//'10X-]OHFPAC€—SUIT98X932HAUSOR%E
1D HEAT FLUXES (3TU/HRE-SF 134Xy LGHAVIRAGE VALUES e /4 AX 3 BHD I STANCE $2X

2y THI=LAYER s 3R GhHEUE— s 2X e 6HD TRET T3 27 s S HCHATER g 7K 3 6HERATL Ry 15X 32HT S,
34X06HT(OUT)93XQSHORATEvQXOZHT59AX-0HT(OUT)o?XvéHT(INS)93X95HO(IN)'
4/;4X96H(FEET)'4X95H(IN.)14X9AHMENTo?XySHSOLARQ?XabHH”TTCMs3X95HCLI

105
4205

S5TFo3X s SHTOTAL 96X 9 3HIRI 96X 9 3HIR) 93Xy 6HI/H-5F 93X 9 31 (R 135X 9 3H(R) 95X ¢ 3
6HIR 44X s6HBTU/HR /)

NPAGE =NPAGE+1

NLTNE=0
WRITF QUTPUT TAPE 4244205,DBCIK) s TH]
FORMAT (1H F9425F943)

I1T

NLTHE=NLTNE+]
DO 610 N=1+NMAX
[F(N=~NMAX) 11491216111
T OSUN=ZTAFEX o T
YQ=0e
YGRAND (1 )= {DX+RSH¥YMIN}/SORTF(DXX+RRXYMINEYMIN+RSX%YMIN)

112

UU 112 T=Z2RNPT

YGRAND(T )= (DX+RSHEX(]) }/SQRTFIDXX+RREXS (] )+RSX%¥X(11})

YO=YQ+BBY (1 ) ¥ (YGRAND({I-1)~YGRANDI(I})}
TESEQRYG 7~ 7 T

QFLAT=0e0

CK=12e0/{THK+TH1/CK1)

ER=TOPER
TERM=TTERM
GO TG 125

TI& CR=TCRTN]

SC=SN#CR
IF(S5C1115+1154116

115

WSUN=0.0
GO 10 117
QSUN=5A*5C

CCR=TCCR(N)

SSR=TS5SR(N)

SR=TSRI(N)

CTR=TCTR({N)

X0=0a4

YG=Ce

TBE-DX-RYXECRTTTTT

A=B/ (HX®*5R)

ROOT=1.0/SQRTF{B*B+XH)

XGRAND (11 =ATANF (AT -HXFCR*¥ROOT* (1, 5T079635+ATANF (B¥ROOT*CTRY)
B=DY+RY®CR
UP=1le/((DH+RH*¥CR)*%SR}
TAE[B¥TSTN=HY*COS¥SSR) ¥UP
ROOT=1«/50RTF (B#B4+HY*HY)
YGRAND{1)=ATANF (A)+HY*CR*ROOT*{1457079635-ATANF (B%*ROOT*#CTR) )
DOTI20T=29RPT

I1=1-1

B=XD{])=-RX*CR
TAEBVTHXRSRY T T T
ROOT=1,0/SQRTF(B*B+XH)

XGRAND(T)=ATANF (A) -HX*CR#ROOT*({1.57079635+ATANF (B*ROOT*CTR))
BEYDUTT-RY¥CR T

C=YH{I)

CC=C*C

A= [CH¥TDS¥ITIR=B#STN) ¥UP

ROOT=14/SQRTF(BXB+CC)

YGRAND(I1)=ATANF(A) —CHCR*¥ROOT#{157079635+ATANF (B¥ROOT*CTR))
XG=NBX{TY¥TXGRANDTTT=XGRANDITTT 1 ¥X0




120 YQ=BEBY({1)*(YGRAND(I)~YGRAND(II))+YQ
QFLAT=SEP*XQ
TTTTTQWALUESEP¥YQ O T
125 TOTAL=QSUN+QFLAT+OWALL
TS4=TOTAL/ES
T5=T54**0.25
TMID=( (CK*#(TS-TB}I+TERM) /ER)**0425
DX2=0e5%ABSF (TMID=-TB)
TXZEELEW (TMIDFIEY T T
XL=X2-DX2
XR=X2+DX2
KOUNT=0
502 QRATE=FR*X2%#4-TERM
TOUT=X2+QRATE/CK
T YMTDEES¥TOUT#¥G=TOTALFGRATE -
IF{ABSF{YMID)=1eE=3)5109510,503
503 IF(YMID)504s510950%
504 XL=X2
GO TO 506
505 XR=X2
‘506 KOURT=KQUNT+T "~ 77 777
X2=0es 5% {XL+XR}
[F{KOUNT-20)502+502+510
5TU XZ=TUUT
IF{N~-NMAX) 60646054605
605 AVGT4=AVGT4+TH4*ATOP
GUOADEQUOADFARATEXATOY
WRITE OUTPUT TAPE 42942109QSUNSQFLATsQWALLsTOTALsTSeX24QRATE
4210 FORMATI(IH 23Xs3HTOP»4F84293%X93F842)
GUTTU 610
606 AVOT4=AVGT4+TS4*ASIDE
QLOAD=QLOAD+QRATE*ASIDE
R TE TOUTPUT TAPE 4254 7 I TN OSUNYOFLAT sQWALL y TOTATL s TS5 X2y QRATE
4211 FORMAT(1H [2694F84293X93F8e2)
610 NLINE=NLINE+]
TTTTTAVGTYGEAVGTAJAREA T T T T T e
AVGT=AVGT4#%20425
TSKIN={AVGT4-QLOAD/ L AREA*ES) ) %%¥0425
“YDEEPETI{TERM+TLOAD/AREAT/ER ¥ 25 77
WRITE QUTPUT TAPE 642+4212sAVGT s TOKINSTDEEPSQLOAD
4212 FORMAT (1H+4s85Xs3F8e79F86l)
615 NLINE=NLUINE+T 7 7 7
RETURN
END




FUNCTION FOR H1490

FUNCTION SUMIGRAND)

DIRFNSTON GRAND(&1Y

COMMON RLKsRL 9 THK e THI

COMMON CRICCReSRISSRCTTRINHINPTZSTFP

NASA-Langley, 1965

PERFIRMS INTEGRATION RY SIMPSONS RULE.
SUM=GRAND (1) -GRAND(NPT)
DO 51 K=1.NH

TTRZ=2%K
51 SUM=SUM+4.0*GRANDI(K2)+2«N*GRAND(K2+1}

SUM=STEP*SUM

RETURN
END

CR-216





